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RESUMO

O gelo marinho possui influéncia no sistema climatico global atuando como isolante
térmico entre o oceano e a atmosfera, na reducdo da radiacdo solar absorvida pela
superficie da Terra e na circulagdo oceéanica. Para o monitoramento temporal, a maior
série de imagens satelitais disponiveis sdo dos sensores remotos passivos Scanning
Multichannel Microwave Radiometer (SMMR), Special Sensor Microwave Imager (SSM/I)
e Special Sensor Microwave Imager/Sounder (SSMIS), com disponibilizacdo de dados
desde 1978. Esta pesquisa tem por objetivo aplicar o Modelo Linear de Mistura Espectral
(MLME) para andlise subpixel das imagens destes sensores remotos passivos e realizar
andlises estatisticas por meio da regressao linear multipla e pela modelagem de séries
temporais Box-Jenkins para predicdo da concentracdo do gelo marinho na regido
oceanica situada a norte da Peninsula Antartica, com setorizagcdes conforme a
Commission for the Conservation of Antarctic Marine Living Resources, entre 1979 e
2018. Para o desenvolvimento do MLME foi aplicada a metodologia que compreende as
seguintes etapas: a) calibracdo e classificagdo multitemporal de imagens Synthetic
Aperture Radar do satélite Sentinel 1A; b) assinatura espectral dos componentes puros
por meio do MLME nas imagens SSMIS; c) correcfes radiométricas entre as imagens
SMMR, SSM/I e SSMIS; d) analise subpixel nas imagens SMMR, SSM/l e SSMIS entre
0s meses de maio a novembro; e e) validacdo estatistica do modelo. Em sequéncia,
partindo da série histérica da concentracdo do gelo jovem e/ou gelo de primeiro ano
proveniente do MLME, foi realizada a analise estatistica com dados meteorolégicos como
temperatura do ar a 2 m da superficie, temperatura da superficie do mar, precipitacao
total, pressao atmosférica ao nivel médio do mar, velocidade do vento, componentes u e
v do vento a 10 m, disponibilizados pelo modelo de reanalise atmosférica European
Reanalysis Agency 5 (ERA5). Com isto, a analise estatistica avaliou a influéncia dos
principais fatores meteorolégicos na concentracdo do gelo marinho entre os meses de
maio a novembro, no periodo compreendido entre 1979 e 2018. O MLME apresentou no
calculo da concentracdo de gelo marinho em relagdo as imagens classificadas do

Sentinel 1A uma diferenca média de 1,4%, desvio-padrdo de 13,6% e Root Mean Square



Error (RMSE) de 15,3%. A evolucéo da area coberta por gelo jovem e/ou gelo de primeiro
ano com concentragao = 15% obtida pelo MLME, entre 1979 e 2018 apresentou uma
tendéncia linear negativa para a regido de estudo, com a tendéncia de -0,03 + 0,02 x 10°
kmz2 ano! para os setores oceanicos Antarctic Peninsula Bransfield Strait West e Antarctic
Peninsula Bransfield Strait East, e -0,05 + 0,03 x 102 km2 ano! para Antarctic Peninsula
Drake Passage West e Antarctic Peninsula West. Ao analisar a predicdo da concentracao
do gelo marinho em relagdo aos fatores meteoroldgicos, constatamos por meio da
validagao cruzada utilizando o ano de 2018 como referéncia que os dois modelos
estatisticos apresentam desempenho semelhante ao analisar os resultados da analise
de residuos, RMSE da validacdo cruzada, acuracia final e desvio-padrao dos residuos,
sendo essas respostas relacionadas a regionalizacdo da area de estudo e também por
nao demonstrar sazonalidade no comportamento mensal da concentracdo de gelo

marinho durante o periodo analisado.

Palavras-chave: Mudancgas climéaticas. Sensoriamento remoto passivo. Sentinel 1A.
ERAS.



ABSTRACT

Sea ice has an influence on the global climate system, acting as a thermal insulator
between the ocean and the atmosphere, in reducing the solar radiation absorbed by the
Earth's surface and in ocean circulation. For time monitoring, the largest series of satellite
images available are passive remote sensors Scanning Multichannel Microwave
Radiometer (SMMR), Special Sensor Microwave Imager (SSM/I) and Special Sensor
Microwave Imager/Sounder (SSMIS), with data available since 1978. This research aims
to apply Spectral Linear Mixing Model (SLMM) for subpixel analysis of these passive
remote sensors images and to perform statistical analysis using multiple linear regression
and the Box-Jenkins time series modeling for concentration of sea ice prediction in the
ocean region located north of Antarctic Peninsula, with sectors according to Commission
for the Conservation of Antarctic Marine Living Resources, between 1979 and 2018. For
SLMM development, the methodology comprising following steps: a) calibration and
multitemporal classification of Synthetic Aperture Radar images from Sentinel 1A; b)
spectral signature of pure components using SLMM in SSMIS images; c) radiometric
corrections between SMMR, SSM/I and SSMIS images; d) subpixel analysis in SMMR,
SSM/I images and SSMIS between the months from May to November; and e) statistical
validation of the model. In sequence, based on the historical series of young ice and/or
first-year ice concentration from the SLMM, statistical analysis was performed with
weather data such as air temperature at 2 m above the surface, sea surface temperature,
total precipitation, atmospheric pressure at mean sea level, wind speed, u and v wind
components at 10 m, made available by the European Reanalysis Agency 5 (ERA5)
atmospheric reanalysis model. Statistical analysis evaluated the influence of main
weather factors in sea ice concentration between the months from May to November, in
the period between 1979 and 2018. In the calculation of the sea ice concentration in
relation to the classified images of Sentinel 1A, the SLMM presented an average
difference of 1.4%, standard deviation of 13.6% and Root Mean Square Error (RMSE) of
15.3%. The evolution of covered area by young ice and/or first-year ice with a

concentration = 15% obtained by SLMM between 1979 and 2018 showed a negative linear



trend for the study region, with a trend of -0.03 + 0.02 x 103 km2 year* for Antarctic
Peninsula Bransfield Strait West and Antarctic Peninsula Bransfield Strait East, and -0.05
+ 0.03 x 10® km2 year?! for Antarctic Peninsula Drake Passage West and Antarctic
Peninsula West. When analyzing the prediction of the concentration of sea ice in relation
to meteorological factors, we found that through cross-validation using the year 2018 as
a reference, the two statistical models perform similarly when analyzing the results of the
residual analysis, RMSE of cross-validation, final accuracy and residual standard
deviation. These responses are related to the regionalization of the study area and also
do not show seasonality in the monthly behavior of sea ice concentration during the

analyzed period.

Keywords: Climate change. Passive remote sensing. Sentinel 1A. ERAS.
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1 INTRODUCAO

O gelo marinho tem o potencial de influenciar o clima da Terra através do balanco
de energia em funcdo do albedo, da alteracdo na formacdo de aguas profundas que
afetam a circulacdo oceéanica, da troca de calor, da umidade e carbono (SIMPKINS et al.,
2012). O pacote de gelo marinho também atua como isolante térmico entre o oceano e a
atmosfera e sem este 0 oceano com temperatura proxima de 0°C perde ainda mais calor
para a atmosfera, podendo atingir a uma temperatura de -30°C. Isto resulta em um
oceano mais frio e, portanto, mais denso. O deslocamento desta 4gua densa para o fundo
desempenha um papel significativo no sistema climatico global, impulsionando a
circulacdo termohalina e os ciclos biogeoquimicos, como a troca de diéxido de carbono
entre a atmosfera e o oceano profundo (KILLWORTH, 1983).

A circulacdo oceéanica ao sul da Corrente Circumpolar Antartica (ACC) localizada no
mar de Weddell e de Ross sédo importantes locais para a formagcdo da agua densa na
Antértica e exportando ela para o oceano global (TALLEY et al.,, 2011). A &gua
encontrada no fundo do mar de Weddell é fria e densa (temperatura < -0,7°C, salinidade
~ 3,464%), dando origem a 70% das aguas de fundo na Antartica (SIMOES, 2011). Além
disso, na climatologia, o gelo marinho presente nos mares de Weddel, Ross,
Bellinghausen e Amundsen possuem correlacdo com a temperatura do ar na América do
Sul (BLANK, 2009).

A desintegracao das plataformas de gelo na Peninsula Antartica, durante os ultimos
60 anos, tem sido atribuida ao aquecimento atmosférico (COOK et al., 2005). Os ventos
que sopram de oeste levam ar maritimo quente para o leste da Peninsula Antartica
causando um aumento na temperatura superficial do ar a noroeste do mar de Weddell.
Marshall et al. (2006) afirmaram que o aumento de 0,4°C década™ registrado nesta regiéo
€ um dos fatores que contribuiram para a desintegragédo das plataformas de gelo Larsen
A e B. Meredith; King (2005) evidenciaram em seu trabalho que o estrato superior do
oceano (até 100 m de profundidade) também aqueceu, durante o verdo entre 1955 e
1998, a uma taxa de até 0,5°C década, acompanhado pelo aumento da salinidade de
suas aguas. Complementarmente, Stammerjohn et al. (2008) destacam que este

aguecimento é mais pronunciado ao longo da face oeste da Peninsula Antartica, com
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elevacao das temperaturas médias desde 1950 de 2°C a 6°C apenas nas temperaturas
registradas no inverno.

No caso especifico da regido marinha situada a norte da Peninsula Antartica, neste
ambiente encontra-se um ecossistema altamente produtivo que sustenta populacdes
marinhas cuja abundancia e distribuicdo geografica foram afetadas pelas mudancas nas
condicbes do gelo marinho e o aquecimento atmosférico (CLARKE et al., 2006;
MONTES-HUGO et al.,, 2009; MOFFAT; MEREDITH, 2018). O krill (Euphausia sp. e
Thysanoessa sp.) € um organismo que possui uma importante funcdo na cadeia alimentar
de baleias, focas, pinguins, lulas e peixes, sendo uma das espécies mais estudadas em
oceanos de alta latitude (NICOL; BRIERLEY, 2010). Loeb; Santora (2015) constataram
ao norte da Peninsula Antartica, durante o verdo austral entre 1992 e 2009, que
mudancas sazonais nas distribuicdes e ocorréncia de por¢des das populacdes de quatro
espécies de krill (Euphausia frigida, E. superba, E. triacantha e Thysanoessa macrura)
estdo relacionadas as condicbes ambientais associadas ao desenvolvimento do gelo
marinho. As algas e a biota associadas ao gelo marinho sdo importantes fontes de
alimento para as fases juvenis do krill durante o inverno na regido norte do mar de Weddel
(KOHLBACH et al.,, 2017; SCHAAFSMA et al., 2017). Ja no estreito Bransfield a
temporada de gelo marinho é relativamente curta em comparacdo a outras regides
predominando o gelo panqueca, conseqiuentemente, as algas nesta tipologia de gelo
possuem um tempo limitado para se tornarem fontes substanciais de biomassa
(ARRIGO, 2017).

Ao considerar o emprego de sensores remotos na Antartica para analisar a dinamica
espacial e temporal do gelo marinho, encontram-se limitagées do sensoriamento remoto
optico nesta regido devido a baixa luminosidade solar durante o inverno austral e pela
nebulosidade encontrada durante o verao austral, sendo estes problemas superados com
0 uso de sensores remotos por micro-ondas passivo e ativo. Trabalhos como Cavalieri et
al. (1997), Smith (1998), Johannessen; Shalina; Miles (1999) e Parkinson et al. (1999)
utilizaram os dados disponiveis desde 1978 de Temperatura de brilho (Tb) de sensores
remotos passivos como o Scanning Multichannel Microwave Radiometer (SMMR),
Special Sensor Microwave Imager (SSM/I) ou Special Sensor Microwave Imager/Sounder

(SSMIS) para calcular a concentracdo do gelo marinho no Artico e na Antartica em
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analises multitemporais, sendo estes dados disponibilizados de forma sistematica no sitio
do National Oceanic and Atmospheric Administration/National Snow and Ice Data Center
(NOAA/NSIDC), através do banco de dados Climate Data Record of Passive Microwave
Sea Ice Concentration, Version 3 (MEIER et al., 2017). A partir da concentragéo de gelo
marinho foi demonstrado o incremento na extensao do gelo marinho de 1,6% + 0,4%
década no oceano Austral entre 1979 e 2016, porém, neste mesmo periodo houve uma
retragdo de -2,9% + 1,4% década?® para os mares de Bellingshausen e Amundsen
(SANTIS et al., 2017). Ao utilizar estas imagens dos sensores remotos passivos para
calcular os parametros de concentracdo e espessura do gelo marinho, podemos
encontrar diversas pesquisas que analisaram as relacfes estatisticas de area, extensao
e volume de gelo com parametros atmosféricos, tendo utilizado predominantemente os
modelos de reandlise atmosférica ERA-Interim e NCEP/NCAR como fonte de dados
(LEFEBVRE et al., 2004; LIU; CURRY; MARTINSON, 2004; HOLLAND; KWOK, 2012;
HOSKING et al., 2013; TURNER et al., 2016).

Uma limitacdo encontrada nas pesquisas relacionadas ao monitoramento temporal
do gelo marinho é a escala espacial utilizada para delimitacdo das regides de estudo,
sendo que a maioria dos trabalhos utilizam o Oceano Austral ou sua setorizacdo por
mares (CAVALIERI et al., 1997; SMITH, 1998; JOHANNESSEN; SHALINA; MILES, 1999;
PARKINSON et al.,, 1999). Um dos motivos esta relacionado principalmente a baixa
resolucao espacial do pixel dos sensores remotos passivos utilizados para esta finalidade
(25 km x 25 km). Neste sentido, uma saida que possa possibilitar estes estudos
regionalizados seria analisar técnicas que possam melhorar a acuracia do mapeamento
do gelo marinho, como por exemplo, a analise subpixel em que se utilizem assinaturas
espectrais de componentes puros provenientes de amostras obtidas em imagens de
sensores remotos com melhor resolucéo espacial ou a partir de observacdes locais. Além
disso, a atmosfera ndo se comporta como entidade Unica em todo Oceano Austral
(LEFEBVRE; GOOSSE, 2008), necessitando pesquisas regionalizadas que possam
relacionar as mudancas da dinadmica do gelo marinho sob diferentes condi¢cdes
atmosféricas, ao longo do tempo.

Diante destas modificagbes ambientais que estdo ocorrendo como consequéncia

das mudancas climaticas na Antartica e a necessidade de obter respostas regionalizadas
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do comportamento do gelo marinho, a hipdtese da presente tese € de que a
regionalizacdo da area de estudo utilizando dados de sensores remotos passivos com
baixa resolugédo espacial permite analisar estatisticamente a interagao das condigoes
atmosféricas na concentracdo e area do gelo marinho, sendo este estudo aplicado na

regido oceanica localizada ao norte da Peninsula Antartica.

1.1 Objetivos

O objetivo principal desta pesquisa € estudar a variacdo da concentracao e area do
gelo marinho jovem e/ou de primeiro ano na regiao norte da Peninsula Antartica, durante
o periodo de 1979 a 2018, a partir da aplicacdo de técnicas de andlise subpixel nas
imagens dos sensores SMMR, SSM/I e SSMIS com a realizacdo de modelagens
estatisticas em dados meteorolégicos mensais obtidos por meio do modelo de reanalise
atmosférica European Reanalysis Agency 5 (ERAD).

Os objetivos especificos deste estudo sao:

i. Realizar uma ampla revisdo bibliografica para identificar as principais
variaveis meteoroldgicas que atuam na formacdo e distribuicdo do gelo
marinho no Oceano Austral;

ii. Comparar os dados meteorologicos de Pressdo ao Nivel Médio do Mar
(PNMM) e Temperatura do ar a 2 metros (T2m) entre os modelos de reanalise
atmosférica ERA-Interim (ERA-i) e ERAD5, relacionando-os com estacfes
meteorolégicas instaladas na regido norte da Peninsula Antartica, visando
avaliar o modelo mais adequado para as analises climatoldgicas;

iii.  Avaliar o impacto das diferentes fases do Modo Anular Meridional (SAM) na
distribuicdo da concentracéo do gelo marinho na regido de estudo;

iv.  Desenvolver rotinas computacionais para a classificagcdo automatica da
concentracdo do gelo marinho por meio do Modelo Linear de Mistura
Espectral (MLME) em imagens diarias dos sensores SMMR, SSM/I e SSMIS
entre os meses de maio a novembro, no periodo de 1979 a 2018;

v. Comparar a Regressao Linear Multipla (RLM) e a modelagem de séries

temporais Box-Jenkins para predicdo da concentracdo do gelo marinho a
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partir de variaveis meteoroldgicas obtidas por modelos de reandlise

atmosférica entre os meses de maio a novembro, no periodo de 1979 a 2018.



21

2 DESENVOLVIMENTO

2.1 Referencial teérico

2.1.1 Caracterizacao da area de estudo

2111 Antartica

A Antartica (figura 1) cobre uma area de 14 x 10°% km?, que corresponde cerca de
10% da superficie terrestre da Terra. Essa area inclui a camada de gelo, as plataformas
de gelo (TURNER et al., 2009).

Turner et al. (2009) relatam ainda que a camada de gelo é composta de trés zonas
morfolégicas, constituidas pela Antartica Oriental (cobrindo uma area de 10,35 x 10°
km?), a Antartica Ocidental (1,97 x 10 km?) e a Peninsula Antartica (0,52 x 10°% km?). A
Antértica Oriental e Ocidental sédo separadas pelas montanhas Transantarticas, que se
estendem desde Victoria Land para a plataforma de gelo Ronne. A Peninsula Antértica é
a Unica parte do continente que se estende de maneira significativa para o norte a partir
da extensdo principal do manto de gelo, alcancando a latitude 63° S. E uma regido
montanhosa estreita com uma largura média de 70 km e uma altitude média de 1.500 m.
Esta barreira montanhosa norte-sul tem uma grande influéncia nas diferencas entre o que
se registra a oeste e leste e, também, nos padrdes das circulacbes oceanicas e
atmosféricas das altas latitudes meridionais.

No inverno a superficie do oceano ao redor da Antéartica congela a uma distancia de
até 1.000 km da costa e cobre uma area de cerca de 20 x 106 km? e no verdo recua para
um minimo de cerca de 3 x 108 km? até o final de fevereiro de cada ano (SINCLAIR,
2015).
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Figura 1 — Mapa da Antértica e a localizagéo dos principais mares do oceano Austral.
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Fonte: Adaptado por Simdes (2011).

2.1.1.2 Peninsula Antartica

A maior parte da Peninsula Antartica (figuras 2 e 3) tem uma topografia alpina com

temperaturas do ar no verdo excedendo a 0°C ao nivel médio do mar (VAUGHAN et al.

2003). Por essa razdo a fusdo do gelo € um componente importante, pois permite a

presenca de agua do degelo e a exposicado sazonal da superficie rochosa, encontrando

assim uma flora e fauna terrestre mais abundante do que em outras regifes da Antartica.

Além disso, na Peninsula Antartica se encontra uma cadeia de montanhas ininterruptas

com altitudes entre 1.400 e 2.000 m, formando uma barreira climatica distinta

(SCHWERDTFEGER, 1984). Na regido oeste e central encontramos um clima maritimo

dominado pelo mar de Bellingshausen e a costa leste tem um clima continental dominado

pelo mar de Weddell (MARTIN; PEEL, 1978).
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Figura 2 — Localizacédo das isotermas com temperatura do ar média anual da Peninsula
Antartica.

Fontes: Morris; Vaughan (2003) e Ahlert (2005).
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Figura 3 — Apresentacao do relevo terrestre da Peninsula Antartica derivado do modelo
digital de elevacéo CryoSat-2.
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Fonte: Adaptado de Slater et al. (2018).

Bentley (2015) afirma que o aquecimento acentuado do inverno da Peninsula
Antartica esta fortemente ligado a mudancas no gelo do mar localizado a oeste da
peninsula. Na estacdo Vernadsky (ex-Faraday) verificou-se uma alta correlacéo entre as
temperaturas do ar no inverno e a concentragcdo do gelo marinho, identificando uma
reducdo de 10% em extensdo por década e, também, na sua duracdo sazonal, entre
1978 e 1998. Assim, 0 aquecimento acentuado no inverno na regido oeste da Peninsula

by

Antartica leva a

~

indicacdo de que, pelo menos em parte, se deve a reducdo da
concentracéo de gelo marinho. Bentley (2015) cita ainda que concentragdes mais baixas
de gelo marinho podem influenciar o clima da Peninsula Antartica por trés maneiras:

I.  Permitindo uma maior troca de calor do oceano relativamente quente com a

atmosfera;
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ii. Reduzindo a quantidade de radiac&o solar refletida de volta para a atmosfera
(o albedo);

iii.  Aumentando a influéncia maritima préxima ao continente, jA que o oceano
aberto fica mais perto e assim permite que massas de ar quentes e Umidas
penetrem mais facilmente.

Ao norte da Peninsula Antartica podemos encontrar a temperatura (T) no inverno
variando entre -56 + 1,9°C (estacdo Bellingshausen) a -10,0 + 2,2°C (estacao
Esperanza), enquanto a T no verao varia entre 0,8 = 0,6°C (estacao Vernadsky/Faraday)
a 1,3 £ 0,5°C (estacéo Bellingshausen), conforme Turner et al. (2019). Destaca-se nesta
regido que o aquecimento da T estd mais acentuado durante o inverno (KING, 1994;
STARK, 1994), sendo que Vaughan et al. (2003) constataram para a estagéo
Vernadsky/Faraday, entre 1950 e 2001, uma tendéncia de +11,0 = 9°C século? no

inverno e +2,4 + 1,7°C século para o verao.

2.1.1.3 Estreitos de Bransfield e Gerlache

O estreito Bransfield (figura 4), de acordo com Loépez et al. (1999), € um corpo de
agua semi-fechado com aproximadamente 50.000 km? de extens&o e esta localizado
entre as llhas Shetland do Sul e a Peninsula Antartica. Ja o estreito de Gerlache é uma
regido em que ocorre a interagdo entre as massas de agua ao longo da face oeste da
Peninsula Antartica com aguas adjacentes ao mar de Bellingshausen (SMITH et
al.,1999).

Stein (1989) e Lopez et al. (1999) destacaram que a hidrografia da bacia oriental do
estreito Bransfield € complexa resultando da interacdo de duas correntes oceanicas
distintas. A primeira com origem no mar de Weddell onde apresenta aguas relativamente
frias e salgadas, entrando na bacia principalmente em torno da ponta da Ilha Joinville, e
a segunda corrente oceanica com aguas relativamente mornas e frescas originarias do
mar de Bellingshausen, entrando pelo estreito entre a peninsula e as Ilhas Shetland do
Sul.
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Figura 4 — Localizag&o dos estreitos de Bransfield e Gerlache com sua batimetria
proveniente da International Bathymetric Chart of The Southern Ocean
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Fonte: Adaptado de Arndt et al. (2013).

Stein (1989) e Stein; Heywood (1994) observaram ainda que nas regifes oeste e
noroeste os ventos fortes sdo um mecanismo primario para o transporte das aguas mais
guentes da passagem Drake para o estreito Bransfield. Ao mesmo tempo, ocorre a
entrada da fria agua do mar de Weddell pela regido oriental do estreito. Portanto, o vento
€ um agente importante na regulacao do fluxo de calor e sal no estreito Bransfield.

J& no estreito de Gerlache, Smith et al. (1999) identificaram que a distribuicao
vertical da temperatura do mar transversalmente ao sentido longitudinal do estreito indica
uma mistura minima da agua oriunda do estreito Bransfield, restringindo principalmente
nas trocas térmicas com as plataformas de gelo ao longo do lado oeste da Peninsula
Antértica nas profundidades de até 200 m, contatando uma mistura de 80% de agua da
Peninsula Antartica ocidental e 20% de agua do estreito Bransfield.
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Ao longo da Peninsula Antartica ocidental, o limite da ACC é distinguido pela
isoterma 1,6°C (figura 5), determinado a partir das propriedades de oxigénio, temperatura
e salinidade. Smith et al. (1999) demonstram que temperaturas superiores a 1,6°C
correspondem a Agua Profunda Circumpolar Superior (UCDW) encontrada ao longo da
plataforma continental externa, sendo mais pronunciada na extremidade sul e ausente
na porcdo central da regido de estudo. O uUnico local onde se encontra temperatura
inferior a 0°C na porcéo inferior a 200 m € na regido entre a plataforma continental a
oeste da Peninsula Antartica e o estreito Bransfield, onde encontramos a contribui¢éo da
agua das plataformas de gelo, alterando as propriedades da massa de agua em
profundidade e densidade.

Na regido central a oeste da Peninsula Antartica, a hidrografia é fortemente
influenciada pelo balanco de energia ar-oceano, a disponibilidade da Agua Profunda
Circumpolar ao longo do declive da plataforma e o derretimento do gelo marinho. A
camada superficial é ocupada pela Agua Superficial Antartica (ASW), uma massa de
agua relativamente fria e fresca. Esta camada sofre alteracdes significativas ao longo do
ano como perda de calor e formacdo do gelo marinho durante o outono e o inverno
(JACOBS; GORDON; AMOS, 1979; MEREDITH et al., 2008).
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Figura 5 — Distribuicdo da temperatura maxima abaixo de 200 m de profundidade.
Linhas continuas representam temperaturas positivas; linhas tracejadas representam
temperaturas negativas. A linha sélida escura representa a isoterma de 0°C. Intervalo

de contorno é 0,1°C.
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Fonte: Adaptado de Smith et al. (1999).

2.1.2 Caraterizagao do gelo marinho

O gelo marinho influencia no sistema climatico global pelos seguintes fatores
(RESS, 2006):
I.  Possui elevado albedo, contribuindo no retorno da radiagéo solar incidente
na superficie terrestre;
ii. Isolador eficaz entre o oceano e a atmosfera, alterando o transporte de calor,

vapor d’agua e outros gases retidos por estes dois ambientes;
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iii.  Atua na circulacdo oceanica diretamente pela rejeicdo de sal para o oceano
durante a formacédo do gelo, aumentando assim a densidade da agua na
superficie diretamente proxima do gelo, induzindo convecgao que tende a
aprofundar. Esta convecgao contribui para a circulagdo termohalina do
oceano.

A combinacdo da area e espessura do gelo marinho permite estimar o volume de
gelo do mar, uma variadvel importante para o estudo do balanco de calor e circulagédo
atmosférica e, assim, projetar o futuro climatico (TILLING et al., 2015). Deser; Walsh;
Timlin (2000) ressaltam que o recuo do gelo marinho e, portanto, a reducdo do albedo
nas regides polares, aumentam a quantidade de radiacéo solar absorvida pelos oceanos,
levando a um incremento no aguecimento.

Na Antéartica a espessura do gelo de primeiro ano varia de 0,5 m a 3 m na regido
costeira (TEDESCO, 2015). A figura 6 e o quadro 1 apresentam os diferentes tipos de
gelo marinho baseado no estagio de desenvolvimento, conforme Comiso (2009). Dentre

os tipos, o0 gelo novo e gelo jovem ndo sao encontrados no verao.

Figura 6 — Diferentes estagios na formacéo do gelo marinho: (a) Agua aberta, (b) Gelo
novo, (c) Gelo jovem e/ou gelo de primeiro ano, (d) Gelo de segundo ano e/ou gelo
plurianual.

Fonte: Alfred Wegener Institute for Polar (2018).
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Quadro 1 — Tipos de gelo marinho baseados no estagio de desenvolvimento do gelo.

Estagio de

desenvolvimento

Definicao

Gelo novo

Termo geral para diferentes tipos de gelo com
formacdo recente. No processo inicial de
congelamento a agua apresenta-se com aspecto
graxoso denominado grease ice. Em regifes onde
predominam ventos o grease ice pode formar discos
agregados denominado de gelo panqueca. Ja em
regibes com baixa incidéncia de vento o grease ice
se solidifica rapidamente formando camadas finas
de gelo denominado de nilas.

Gelo jovem e/ou gelo de
primeiro ano

Quando a fina camada de gelo do mar atinge uma
espessura de 15 a 30 cm, torna-se gelo jovem. A
duracéo da transicao do gelo jovem para o gelo de
primeiro ano depende da temperatura, vento e
localizacdo. Em alguns estagios, esses dois tipos
sao dificeis para discriminar especialmente quando
a camada de gelo é deformada e com cobertura de
neve.

Gelo de segundo ano e
gelo plurianual

O gelo de segundo ano refere-se ao gelo que possui
espessura suficiente para perdurar ao periodo de
fusdo em um verdo. Ja o gelo plurianual refere-se
ao gelo que perdurou por pelo menos dois verdes
consecutivos.

Fonte: Comiso (2009).

Rafferty et al. (2010) afirmam que o gelo marinho antartico € predominado pelo gelo

de primeiro ano. No processo de formacéo, verifica-se que o vento atua como agente

perturbador da agua formando ondas e aglomerando os cristais frazil (gelo novo) em

discos denominados panquecas. Estes discos de gelo se solidificam e engrossam

mecanicamente um sobre os outros, congelando juntos e formando blocos. Isto explica a

rapida expansédo do gelo marinho na Antartica no outono e inverno.

Dados da concentracdo de gelo marinho s&o importantes para navegacao,

operacoes offshore, validacdo de modelos de gelo e assimilacido de dados para modelos
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e pesquisas climaticas. A concentracdo pode ser expressa pela equacao 1 (KARVONEN,

2017):

Ajce _ _ Aﬂ
Ci= Awr 1 Aot @)
Sendo:

C;: Concentracao de gelo;
Asor: Area total;
A;c.: Area da fracéo de gelo dentro da area total;

A,,,: Area da fracdo de 4gua aberta dentro da area total.

A concentragdo de gelo marinho pode ser dada como uma relagéo pura (intervalo
de 0-1), sendo O para agua aberta ou 1 para gelo, como também expressa em
porcentagem (0% a 100%). A figura 7 ilustra visualmente as diferentes concentragdes do

gelo marinho.

Figura 7 — Visualizacao das diferentes concentragdes de gelo marinho: A) 10 a 20%; B)
30 a 40%; C) 50 a 60%; D) 70 a 80%; E) 90%; F) 100%.

=5 X o

Fonte: University of Alaska Fairbanks (2017).
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2.1.3 Sensoriamento remoto do gelo marinho por micro-ondas passivo

O sensoriamento remoto da cobertura de gelo marinho compreende varias técnicas
diferentes operando em uma ampla faixa de frequéncias no espectro eletromagnético. O
sensoriamento remoto optico abrange a parte visivel do espectro com comprimentos de
onda na faixa de 390 a 700 nm, porém as observac¢des séo limitadas nas regides polares
devido a falta de luminosidade solar durante o dia no inverno e pela nebulosidade
frequente encontrada no verao. Ja a regido do infravermelho com comprimentos de onda
no intervalo 750 nm a 1 mm podemos explorar as diferencas de temperatura entre
diferentes tipos de superficie, mas a resposta espectral também é afetada pela
nebulosidade. Essas limitacdbes sdo superadas na faixa do micro-ondas do
sensoriamento remoto com comprimentos de onda na faixa de 0,01 m a 1 m. Nesta faixa
a atmosfera é quase transparente, pois 0os comprimentos de onda sdo maiores nédo sendo
suscetiveis a dispersdo atmosférica (ALDENHOFF, 2017). O quadro 2 apresenta 0s
principais parametros primarios e derivados que podem ser obtidos pelos diferentes

sensores orbitais pela oceanografia na faixa do micro-ondas passivo e ativo.
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Quadro 2 — Parametros primarios e derivados que podem ser obtidos pelos diferentes

sensores orbitais na oceanografia na faixa espectral de micro-ondas passivas e ativas.

Faixa espectral Micro-ondas passivas Micro-ondas ativas
A : Radares imageadores,
. Radibmetros de  micro- .
Tipo de sensor . radares altimetros,
ondas passivos N
escaterdmetros
Parametro Tempg ratura. de bn}lhp © Retroespalhamento e
o rugosidade da superficie do -
primario mar altura da superficie do mar
Altura dinamica, corrente
geostrdficas, geoide
Temperatura de sub-pele e | oceanico, batimetria,
Parametro salinidade da superficie do | velocidade e direcdo do
derivado mar, chuva, conteldo de | vento, altura de onda,
vapor d’agua na atmosfera | espectro de onda, ondas
internas, exsudacgdes
naturais, 6leo do mar
SEASAT, ALMAZ-1, ERS
Nimbus 5 e 7, DMSP F8- | 1-2, J-ERS-1, Radarsat 1-
Satélites F19, GCOM-W1, EOS-|2, ENVISAT, ALOS,
Agqua TerraSAR-X, TanDEM-X,
Sentinel

Fonte: Adaptado de Robinson (2004).

Os radibmetros de micro-ondas passivos registram a energia, geralmente, na regiao

entre 0,15 e 30 cm, muito além da regido do infravermelho termal. As bandas utilizadas

sdao normalmente muito amplas de tal forma que haja energia suficiente para serem

registradas pela antena localizada no satélite (JENSEN, 2007). O quadro 3 apresenta as

principais caracteristicas dos sensores orbitais como frequéncias e periodo de aquisi¢do
dos dados (TEDESCO, 2015).
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Quadro 3 — Carateristicas dos sensores orbitais de micro-ondas passivos.

Satélite Sensor Data de operacéao Frequéncias (GHz)
NASA Nimbus-5 | ESMR | Dez/1972 — Mai/1977 | 19
NASA Nimbus-7 | SMMR | Out/1978 - Ago/1087 | 9> 1009 1821
DMSP F8~F15 |SSMl | Ago/1987 —Presente | o2i2% #2:2351 37
DMSP F16—F19 | SSMIS | Out2003 - Presente | o2 a2 24235571
NASA EOS Agua | AMSR-E | Jun/2002—Outi2011 | o225 0o 167

6,925; 7,3; 10,65;

JAXA GCOM-W1 | AMSR-2 Jul/2012 — Presente 18,7: 23.8: 36.5: 89

Fonte: Tedesco (2015).

O sensoriamento remoto passivo por micro-ondas € empregado para mensuracfes
da concentracdo do gelo marinho para os tipos gelo de primeiro ano e gelo plurianual,
uma vez que este tipo de sensor possui limitagdes na delimitacdo do gelo em fusdo e nas
zonas marginais do gelo marinho, onde o gelo fino (gelo novo) tende a ser subestimado
(MEIER et al., 2017). Grenfell et al. (1988) observam que a emissividade atinge o pico de
emissividade apds a superficie da agua estar completamente coberta de gelo com
espessura superior a 10 mm (figura 8), uma vez que espessuras inferiores ainda contém
agua aberta entre os cristais de gelo influenciando na assinatura espectral.

Comiso (2009) relata que os canais de mais baixa frequéncia fornecem a
capacidade de recuperar a Temperatura da Superficie do Mar (TSM) e a temperatura da
superficie do gelo que séo Uteis ndo s6 como conjunto de dados climaticos, mas também
devido a remocao das ambiguidades associadas aos efeitos da temperatura atmosférica
e de superficie. Além disso, a alta resolu¢gdo minimiza as incertezas associadas ao uso

de algoritmos de mistura para recuperar alguns parametros geofisicos.
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Figura 8 — Emissividade em funcao da espessura de gelo a 18, 37 e 90 GHz
(polarizacao vertical) para gelo submerso sob solucao salina em tanque laboratorial.
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Fonte: Adaptado de Grenfell et al. (1988).

O retrospalhamento é particularmente sensivel a presenca de sal no gelo, e os
dispersores sdo mais eficazes para recuperar os tipos de gelo de primeiro ano e o gelo
plurianual nos radidmetros de micro-ondas passivos (NGHIEM et al., 2007), porém, a
disperséo da fusao superficial durante o verao interfere com o retroespalhamento do gelo,
resultando em maior incerteza (KERN et al., 2016). Comiso (2009) aborda também que
nas regides onde se encontra gelo novo a emissividade ndo é bem definida devido as
continuas mudancas relacionadas aos processos fisicos associados ao crescimento do
gelo marinho, afetando na sua resposta espectral em dados de micro-ondas passivos.

Para o gelo marinho a frequéncia de radiometria utilizada esta proxima ao intervalo
entre 19 GHz e 37 GHz. Nessas frequéncias a assinatura de emissao de gelo do mar
contrasta claramente com a da agua aberta, porém o tipo de gelo afeta a polaridade da
emissdo. Agua aberta é geralmente mais polarizada do que o gelo, assim diferenciando,
dois canais de polarizacdo na mesma frequéncia promovem um delineamento da borda
do gelo (MEIER; MARKUS, 2015). Além disso, o uso do conjunto 37 GHz (polariza¢des
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H e V), auxilia em concentragdes de gelo = 90% a reduzir o erro devido as mudangas
espaciais na temperatura da interface neve/gelo para a recuperacao dos dados (COMISO
et al., 1997).

Porém, as recuperacdes da concentracdo de gelo também séo afetadas por erros
devido a emissao e absorgdo causada pelos componentes atmosféricos (vapor d’agua,
nebulosidade e umidade do ar), bem como as variacdes na emissividade da superficie
em agua abertas devido a rugosidade gerada pelo vento. Estas sensibilidades a erros
atmosféricos séo analisadas em detalhes por Oelke (1997) e Andersen et al. (2006). Em
geral, verifica-se que os algoritmos ndo utilizam a frequéncia de 85 GHz nos sensores
SSMI/I, pois nesta faixa os erros atmosféricos tendem a afetar na recuperacdo de
informacdes relacionadas a baixa concentracdo devido a alta emissividade do gelo
marinho.

A avaliacdo do comportamento das diferentes frequéncias na determinacdo da
concentracdo do gelo marinho também foi efetuado por Kern et al. (2007) comparando
os resultados obtidos do Polynya Signature Simulation Method (PSSM) aplicado a dados
SSM/| para separar areas de agua aberta, gelo marinho fino e espesso com dados dos
canais de 89 GHz e 37 GHz (resolucdes espaciais de 15 km x 13 km e 37 km x 28 km,
respectivamente) em relagdo a concentracdo de gelo estimada por meio de dados do
Advanced Microwave Scanning Radiometer for EOS (AMSR-E) no canal de 89 GHz.
Concluiram que entre 25 e 40% das areas classificadas como aguas abertas usando o
PSSM eram regides cobertas com diferentes concentracdes de gelo marinho detectadas
pelo AMSR-E, relacionando estes resultados as diferentes frequéncias e resolugcdes

utilizadas para a estimacao e classificacao.

2.1.3.1 Sensores SMMR, SSM/I e SSMIS

O lancamento do sensor SMMR a bordo do satélite Nimbus-7 em 24 de outubro de
1978, marcou o inicio de uma série de sistemas de micro-ondas passivos multicanal. O
sensor apresenta dez canais de dados polarizados duplos (H e V) nas frequéncias 6,63,
10,69, 18, 21 e 37 GHz, com resolucédo espacial de 25 km x 25 km (SVENDSEN et al.,

1983). Seu sistema de varredura conica recebe dados com a mesma resolucao para cada
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ponto em uma linha de varredura, sendo que as resolucdes espaciais variam conforme a
frequéncia. O Nimbus-7 SMMR forneceu dados até 20 de agosto de 1987 (COMISO,
2009).

O sensor passivo SSM/I desenvolvido pelo United States Air Force Defense
Meteorological Satellite Program (DMSP) possui Orbita circular quase polar sincrona e
solar. Seis satélites com instrumentos SSM/I foram lancados, denominados FO8
(Jun/1987), F10 (Dez/1990), F11 (Nov/1991), F13 (Mar/1995), F14 (Abr/ 1997) e F15
(Dez/1999). A ampla largura de imageamento permite uma cobertura quase completa da
Terra a cada 2 a 3 dias (figura 9). O sensor possui sete canais, recebendo a radiacao
polarizada dupla (H e V) nas frequéncias 19,35, 37 e 85,5 GHz e polarizacdo V apenas
em 22,235 GHz (WENTZ, 1991). Sua resolucao espacial dos dados é de 25 km x 25 km,
porém, na frequéncia de 85,5 GHz é 12,5 km x 12,5 km. A acuracia no registro da
temperatura de brilho apresenta uma incerteza de + 3 K (HOLLINGER; PEIRCE; POE,
1990).

Ja o sensor passivo SSMIS, desenvolvido pelo DMSP, possui trés satélites que
disponibilizam dados, sendo o F16 (Out/2003), F17 (Nov/ 2006) e F18 (Out/2009). Os
sensores também possuem padrdo de varredura conica em 24 canais, nas frequéncias
19,35, 37 e 91,35 GHz em polarizacdo dupla (H e V) e V apenas em 22,235 GHz
(KUNKEE et al. 2008). Cada canal mensura a Tpb em uma faixa de 3 K a 330 K,
apresentando uma incerteza na acurdcia de + 2 K para a superficie terrestre
(BOMMARITO, 1993). Estas incertezas apresentadas na Tp dos sensores ndo sdo muito
superiores as incertezas constatadas em alvos como o gelo marinho e agua aberta,
porém no célculo da concentracdo do gelo marinho encontra-se uma diferenca inferior a
1% e um desvio-padrao de 10 a 15% em regifes com altas concentracdes para 0s
sensores SSMIS (MEIER; STEWART, 2020). A tabela 1 apresenta uma sintese dos

parametros orbitais dos sensores SMMR, SSM/l e SSMIS utilizados na pesquisa.



Figura 9 — Geometria de escaneamento do sensor SSM/I.
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Quadro 4 — Parametros orbitais dos satélites Nimbus-7, DMSP F8, DMSP F11, DMSP
F13 e DMSP F17.

Parametro Nimbus- | DMSP DMSP DMSP DMSP
7 F8 F11 F13 F17
Sensor embarcado SMMR SSM/I SSM/I SSM/I SSMIS
Altitude orbital (km) 948 850 840 860 833
Inclinagao 99,3° 98,8° 98,8° 98,8° 98,8°
Angulo de incidéncia do
50,2° 53,1° 52,8° 53,4° 52,1°
sensor sobre o solo
Largura de imageamento
783 1.400 1.400 1.400 1.707
(km)
Periodo orbital (min) 104 101,8 1019 102 102
Orbita ascendente
_ 12:00 6:15 18:11 17:42 17:32
equatorial
Orbita descendente
. 24:00 18:15 6:11 5:42 5:32
equatorial

Fontes: Hollinger; Peirce; Poe (1990), Bommarito (1993), Liu; Wang; Jezek (2006), Kunkee et al. (2008)

e Comiso (2009).

2.1.3.2
SMMR, SSM/I e SSMIS

Algoritmos para o célculo da concentragcdo do gelo marinho em sensores

No sitio web do NOAA/NSIDC, através do banco de dados Climate Data Record of
Passive Microwave Sea Ice Concentration, Version 3, encontra-se disponivel a
concentragcédo do gelo marinho por meio de dados SMMR, SSM/l e SSMIS utilizando o
algoritmo Climate Data Record (CDR) (MEIER et al., 2014) que combina a estimativa da

concentracdo de gelo marinho por dois outros algoritmos, o algoritmo NASA Team (NT)
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(CAVALIERI; GLOERSEN; CAMPBELL, 1984) e o algoritmo Bootstrap (BT) (COMISO,
1986). A primeira etapa do algoritmo CDR utiliza o algoritmo BT para delimitar a borda
entre o gelo marinho e 4gua aberta, considerando o limiar de corte dos pixels com
concentragdo de gelo marinho inferior a 10%. Na segunda etapa € realizada a
comparacao do calculo da concentracdo de gelo marinho derivada pelos algoritmos BT e
NT, sendo que 0 método que apresentou o maior valor € selecionado. Isso é feito porque
ambos os algoritmos tendem a subestimar a concentragao de gelo, no entanto, a origem
desse viés difere entre os algoritmos (MEIER et al., 2014)

O algoritmo NT utiliza temperaturas de brilho dos canais de 19 GHz V, 19 GHz H e
37 GHz V. A metodologia baseia-se em duas razdes de To, a Polarization Ratio (PR) das
polarizacbes V e H em 19 GHz (equacéo 2) e a Gradient Ratio (GR) da polarizacéo V em
19 GHz e 37 GHz (equacédo 3), que serdo aplicadas na equacdo 4 para o célculo da
concentracdo do gelo marinho. Esta Ultima equacéo define uma regido aproximadamente
triangular em um sistema cartesiano bidimensional considerando os eixos PR e GR
(figura 10), onde encontramos pontos identificando agua aberta, gelo de primeiro ano e
gelo plurianual. Encontrando pontos dentro desta regido triangular eliminaremos
potenciais fontes de erro como rugosidade da superficie da agua pela acdo do vento,
atenuacdo e emissao do sinal pela agua liquida contida nas nuvens (GLOERSEN;
CAVALIERI, 1986).

_ Tp(19V)- Tp(19H)
PR = Tg(19V)+ TR(19H) 2)

_ Tp(37V)-T(19V)
T Tg(37V)+ TE(19V)

©)

__ a+bPR+cGR+dPR.GR
" e+fPR+gGR+hPR.GR

(4)

Sendo:

PR: Razéo da polarizacéo na frequéncia de 19 GHz entre a polarizacdo vertical e
horizontal,

T (19V): Temperatura de brilho na frequéncia de 19 GHz na polarizacédo vertical,

T5(19H): Temperatura de brilho na frequéncia de 19 GHz na polarizagcéo horizontal;
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T (37V): Temperatura de brilho na frequéncia de 37 GHz na polarizacao vertical;
GR: Razao de gradiente na frequéncia de 37 GHz na polarizacédo vertical e 19 GHz
na polarizagéo vertical;

C: Concentragao de determinados tipos de gelo marinho (%);

a a f: Coeficientes determinados empiricamente e que diferem os tipos de gelo entre
os hemisférios norte e sul. Podem ser ajustados localmente usando tie points
(valores de dados que representam regides com agua totalmente aberta,

concentragéo de gelo de primeiro ano em 100% ou gelo plurianual em 100%).

Figura 10 — Representacdo esquematica do algoritmo NT onde a posi¢cao do ponto no
diagrama indica a concentracéo total de gelo marinho (%) e as proporcdes relativas do
gelo de primeiro ano e gelo plurianual.
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Fonte: Adaptado de Gloersen; Cavalieri (1986).

O algoritmo BT possui vantagem em relagdo ao NT, pois aproveita a distribuicdo
Gnica de Tb, ou emissividade, com pontos de dados em espaco bidimensional ou

tridimensional, para avaliar distribuicdo de gelo e usar o padrdo para obter os valores
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desconhecidos de T; e T, (COMISO, 2009). O algoritmo esta representado nas equacgdes
5e6:

Tg =ToCo + T1Cq (5)
_ Tp—Ty

(=T ©

Sendo:

Ty: To com o0 oceano livre de gelo marinho;

T;: To com 100% de gelo marinho cobrindo o0 oceano;

Tg: To observado na superficie;

Co: Concentracdo do gelo marinho em agua aberta (C, = 1 — C;);

C;: Concentracdo do gelo marinho observado na superficie.

Para o algoritmo BT qualquer conjunto de canais poderd ser utilizado, porém
quando T; e T, possuem valores proOXimos ou iguais entre si, como pode acontecer ao
usar frequéncias de 36 GHz ou acima, tanto o numerador quanto o denominador na
equacdao 5 poderao ter valores proximos ou iguais a zero e, portanto, a concentracao de
gelo marinho n&o pode ser determinada. Assim, 0 uso exclusivo de canais de 36 GHz
fornece algumas ambiguidades na determinacdo da concentracdo de gelo marinho. Além
disso, a polarizacéo horizontal € mais sensivel aos efeitos da superficie terrestre do que
a polarizacédo vertical (MATZLER; RAMSEIER; SVENDSEN, 1984). Ambos os problemas
sdo resolvidos através do uso adicional do canal de 18 (ou 19) GHz em combinacao com
o canal de 36 (ou 37) GHz, ambos na polarizacao vertical, proporcionando uma
discriminagdo mais facil devido ao maior contraste na emissividade de gelo e agua a 18
(ou 19) GHz. Este conjunto mostra alguma sensibilidade as variagfes temperatura da
superficie, mas o erro associado na determinagéo da concentracao de gelo fica proximo
a 3%, pois o desvio padréo observado das temperaturas do gelo corresponde a 2,5% das
superficies cobertas de neve (COMISO, 2009).

Ao comparar o NT com outras fontes remotas para determinagao da concentracao

de gelo marinho, Comiso et al. (1997) relatam discrepancias médias nos valores em 8,2%



43

guando relacionado a imagens opticas do satélite Landsat, podendo chegar até 35%
gquando comparado a outros algoritmos que utilizam a To dos sensores SSM/I para
recuperagdo dos dados de concentragdo de gelo marinho (BURNS, 1993). Além disso,
problemas no célculo de baixas concentracdes de gelo marinho devido a efeitos
associados a cobertura de neve sobre o gelo (MARKUS; CAVALIERI, 2000). Alguns
problemas podem também ser destacados para o algoritmo BT, onde Eisenman; Meier;
Norris (2014) relataram problemas na versao 2 deste algoritmo encontrando tendéncias
substancialmente superiores em relacdo a versao anterior, podendo estar relacionada na
intercalibracdo na transicdo de sensores (SSM/I do satélite F8 para SSM/I do satélite
F11) a partir de 1991. Considerando o periodo entre 1979-2012, este problema causa
no oceano Austral uma superestimativa na tendéncia da extensdo do gelo marinho,
apresentando 16,5 x 102 km? ano! para versdo 2 e 5,6 x 102 km? ano! para a verséo 1.

Outros sensores remotos passivos também sao utilizados para o mapeamento da
concentragéo do gelo marinho, como o AMSR-E e o AMSR2. Os dados obtidos por estes
sensores na frequéncia de 89 GHZ aplicados no algoritmo ARTIST Sea Ice, apresentando
resultados satisfatérios em regibes com média e alta concentragao de gelo marinho (=
65%) onde o0 erro ndo excede a 10%. J4 em regibes com baixas concentracdes de gelo
marinho, dependendo das condicbes atmosféricas, podem ocorrer erros significativos
(SPREEN; KALESCHKE; HEYGSTER, 2008).

2.1.4 Modelos de reandlise atmosférica

Os modelos de reanalise atmosférica estdo entre os conjuntos de dados mais
utilizados em estudos meteorolégicos e climaticos. Eles fornecem dados instantaneos
abrangentes das condicbes meteorolégicas em intervalos regulares, durante longos
periodos. Estes modelos séo produzidos por meio da assimilacao de dados, um processo
que depende tanto de observagdes quanto de previsoes baseadas em modelos para
estimar os parametros meteorolégicos (PARKER, 2016). Na assimilagcdo de dados
atmosféricos, essas informacgdes incluem observacgdes de varias fontes como estacdes
meteoroldgicas terrestres ou sensores embarcados em navios, avioes e satélites. Além

disso, na assimilagdo dos dados sédo incluidos modelos de previsdo numérica do tempo
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fornecendo uma estimativa inicial do estado atmosférico, sendo atualizada com a
inclusdo das observacdes (TALAGRAND, 2010). Para qualquer tipo de resultado de um
parametro meteoroldgico, seja de uma observacao ou de uma reanalise, a compreensao
dos erros e incertezas é crucial para tirar conclusdes apropriadas sobre o sistema que
esta sendo adotado na pesquisa (PARKER, 2016).

Tanto no Artico quanto na Antartica, a adoc&o dos modelos de reandlise atmosférica
€ primordial devido aos dados observacionais serem restritos e desigualmente
distribuidos geograficamente (BROMWICH et al., 2013). Na Antéartica, as principais
agéncias e modelos utilizados sdo (WANG et al., 2016): National Centers for
Environmental Prediction (NCEP) e National Center for Atmospheric Research (NCAR)
através da reanalise NCEP/NCAR; NCEP através da reanalise Climate Forecast System
Reanalysis (CFSR); European Centre for Medium-Range Weather Forecasts (ECMWF)
através das reanalises ERA-40, ERA-Interim e ERAS5; Japan Meteorological Agency
através das reandlises JRA-25 (Japanese Reanalysis) e JRA-55; NASA através da
reanalise Modern-Era Retrospective-analysis for Research and Applications (MERRA). O
quadro 5 apresenta as principais caracteristicas que cada modelo de reandlise

atmosférica possui.
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Quadro 5 — Sumério dos principais produtos das reanalises atmosféricas.

Periodo de Resolucao Resolucéo Formato do
Modelo . h .
dados temporal disponivel arquivo
1979/01 a Sub-diario, 0,55° x 0,55° e
CFSR GRIB
2017/11 mensal 2,5°x2,5°
' 1979/01 a Sub-diério,
ERA-Interim 0,75° x 0,75° netCDF, GRIB
2019/09 diario, mensal
1957/09 a Sub-diario, 2,5°x2,5°
ERA-40 netCDF, GRIB
2002/08 mensal 1,125° x 1,125°
1979/01 a Sub-diario,
ERA5 o 0,25° x 0,25° | netCDF, GRIB
atualmente diario, mensal
1979/01 a Sub-diario, 25°x2,5°
JRA-25 GRIB
2004/12 mensal 1,125° x 1,125°
1957/12 a Sub-diario,
JRA-55 T319 GRIB
atualmente mensal
1980/01 a Sub-diario,
MERRA 0,5°x 0,5° netCDF
2017/11 diario, mensal
1948/01 a Sub-diario,
NCEP/NCAR 2,5°x2,5° netCDF, GRIB

atualmente

diario, mensal
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A metodologia empregada na tese segue o fluxograma apresentado abaixo (Figura

11), sendo o detalhamento metodolégico adotado descrito nos artigos apresentados no
item 2.3 Resultados e discussoes.

Fontes de dados

e andlises

Figura 11 — Fluxograma metodoldgico da tese.
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2.3 Resultados e discussodes

Serdo apresentados na sequéncia os resultados da pesquisa, bem como as
discussbBes, em cinco artigos cientificos publicados em periddicos qualificados pelo
sistema brasileiro Qualis/CAPES e que possuem revisao as cegas por pares. Além disso,
0s periddicos cientificos onde estdo publicados os artigos intitulados “Comparison
between Atmospheric Reanalysis Models ERA5 and ERA-Interim at the North Antarctic
Peninsula Region”, “Spectral Linear Mixing Model applied to data from passive microwave
radiometers for sea ice mapping in the Antarctic Peninsula” e “Statistical modeling of sea
ice concentration in the northwestern region of the Antarctic Peninsula” possuem também

Fator de Impacto indexado pela Journal Citation Reports.

2.3.1 Artigo 1 — Influéncia Climatica na Formacdo do Gelo Marinho da Antartica
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Resumo

Entender os fatores climaticos que possam afetar a formacdo do gelo marinho no Oceano Austral é de fundamen-
tal importancia para estudos climatologicos globais, principalmente para a regido extratropical. Porém, encontram-se
limitagdes para a coleta de dados meteorologicos “in situ” devido a dificuldades logisticas na instalagao e manutengao
periodica de estagdes meteorologicas na Antartica. Diante disto, o sensoriamento remoto esta possibilitando o forneci-
mento de informacdes por meio de imagens satelitais e modelos de reanalise atmosférica para entender o impacto das
mudangas climaticas sobre o gelo marinho. Este trabalho apresenta o estado da arte sobre a influéncia dos principais
fatores climaticos na formagao, localiza¢do e duragao do gelo marinho na Antartica com o emprego de sensores remotos
e modelos de reanalise atmosférica.
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Abstract

Understanding the climatic factors that can affect the formation of sea ice in the Southern Ocean has fundamental
importance for global climatological studies, especially for the extratropical region. However, there are limitations to
the collection of meteorological data in situ due to logistical difficulties in the installation and periodic maintenance of
meteorological stations in Antarctica. In view of this, the technique of remote sensing provides information through
satellite imagery and atmospheric reanalysis models to understand the impact of climate change on sea ice. This paper
presents the state of the art on the influence of major climatic factors on the formation, location and duration of sea ice
in Antarctica with the use of remote sensors and atmospheric reanalysis models.
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Influéncia Climatica na Formagéo do Gelo Marinho da Antartica Registrada por meio do Sensoriamento Remoto
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1 Introducio

O gelo marinho tem potencial de influenciar
o clima da Terra por meio do balango de energia em
func@o do albedo, na alteragdo do processo de for-
magao das aguas profundas afetando a circulagiao
ocednica, e, consequentemente, na troca de calor,
umidade e carbono (Simpkins e al, 2012). Além
disto, o pacote de gelo marinho também atua como
isolante térmico entre o oceano e a atmosfera e sem
o gelo, o oceano perdera calor para a atmosfera po-
dendo atingir a uma temperatura de -30°C resultan-
do em um oceano mais frio e, portanto, mais denso.
O deslocamento desta agua densa para o fundo de-
sempenha um papel significativo no sistema clima-
tico global, impulsionando a circulag@o termohalina
(Killworth, 1983) e os ciclos biogeoquimicos, como
a troca de dioxido de carbono entre a atmosfera e o
oceano profundo.

Tendo em vista a circulagdo oceanica ao sul
da ACC (Antarctic Circumpolar Current), os Mares
de Weddell e Ross sdo importantes locais para a for-
magcao da agua mais densa na Antartica e consequen-

temente na formacdo das correntes oceanicas (Talley
etal.,2011). A agua encontrada no fundo do Mar de
Weddell ¢ fria e densa (temperatura < -0,7°C, salini-
dade = 3,464%), dando origem a 70 % das aguas de
fundo na Antartica (Mata & Garcia, 2011). A figura 1
apresenta a localizag@o dos principais mares do Oce-
ano Austral, representado pelos Mares de Weddel,
Ross, Bellingshausen e Amundsen.

O gelo marinho encontrado nos Mares de Wed-
del, Ross, Bellingshausen e Amundsen possui corre-
lacdo com as temperaturas minimas do ar registradas
na América do Sul (Blank, 2009). Ao analisarmos a
Peninsula Antartica, o monitoramento do comporta-
mento do gelo marinho ¢ muito importante, pois a
desintegrac@o das plataformas de gelo na Peninsula
Antartica nos ultimos 60 anos tem sido atribuida ao
aquecimento atmosférico (Cook et al., 2005). Nesta
regido, o fendmeno ¢ intensificado com ventos da
dire¢@o oeste que levam o ar maritimo quente para
a regido leste da Peninsula Antartica, ocasionando
um aumento de 0,4°C por década na temperatura su-
perficial do ar a noroeste do Mar de Weddell. Este ¢

Figura 1 Mapa
da Antartica

e localizagdo

dos principais
mares do Oceano
Austral. Fonte:
Adaptado por
Simdes (2011).
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um dos fatores que contribuiu para a desintegragao
das plataformas de gelo Larsen A e B (Marshall ef
al., 2006). Complementarmente, Stammerjohn et
al. (2008) destacam que este aquecimento ¢ mais
pronunciado ao longo da face oeste da Peninsula
Antartica, com elevacdo das temperaturas médias
desde 1950 de 2°C a 6°C apenas nas temperaturas
registradas no inverno austral. Ja Meredith & King
(2005) também evidenciaram em seu trabalho que o
estrato superior do oceano (at¢ 100 m de profundi-
dade) aqueceu a uma taxa de até 0,5°C por década
durante o verdo austral entre 1955 e 1998, acompa-
nhado com o aumento da salinidade da agua.

Visando acompanhar o comportamento do
gelo marinho em analises multitemporais diante des-
tas mudancas climaticas, encontram-se disponiveis
desde 1973 dados de temperatura de brilho prove-
nientes de sensores remotos passivos como o ESMR
(Electrically Scanning Microwave Radiometer),
SMMR (Scanning Multichannel Microwave Radio-
meter), SSM/I (Special Sensor Microwave Imager),
SSMIS (Special Sensor Microwave Imager/Soun-
der) e AMSR-E (Advanced Microwave Scanning
Radiometer for EOS), possibilitando calcular e ma-
pear a extensdo e concentra¢@o do gelo marinho no
Artico e na Antértica. Alguns trabalhos como Cava-
lieri et al. (1997), Smith (1998), Johannessen et al.
(1999) e Parkinson et al. (1999) relatam sobre o uso
de sensores remotos passivos para esta finalidade.

Com a dificuldade logistica na instalacido e
manutengdo de estacdes meteorologicas no Conti-
nente Antartico para coleta sistematica de dados me-
teorologicos, os modelos de reanalise atmosférica
permitem disponibilizar dados meteorologicos para
o acompanhamento das mudangas climaticas desta
regido. Na Antartica, trabalhos como Reynolds &
Smith (1995), Mahrt (1999), Bracegirdle & Marshall
(2012) e Tastula et al. (2013) validaram dados dispo-
nibilizados pelos modelos ERA-Interim e ERA-40
(European Reanalysis Agency), JRA-25 (Japanese
Meteorological Agency Reanalysis), NCEP (Natio-
nal Centers for Environmental Prediction)/NCAR
(National Center for Atmospheric Research), NCEP/
CFSR (Climate Forecast System Reanalysis), MER-
RA (Modern Era Retrospective-Analysis for Resear-
ch and Applications) e NMC (National Meteorolo-
gical Center).
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Diante do exposto, o presente trabalho apresen-
ta o estado da arte sobre a influéncia dos principais
fatores climaticos na formagao, localizacao e dura-
¢do do gelo marinho na Antartica com o emprego de
sensores remotos € modelos de reandlise atmosférica.

2 Material e Métodos

Para a busca bibliografica foi realizado pri-
meiramente a organizacao da pesquisa por meio do
planejamento do assunto, levando em consideragao
o objetivo do trabalho e as palavras-chave: passi-
ve microwave, sea ice, remote sensing, Antarctic e
atmospheric reanalysis. O sistema de busca de ar-
tigos cientificos utilizado foi o Portal de Periodicos
da CAPES (Coordenagao de Aperfeigoamento de
Pessoal de Nivel Superior) disponibilizado no sitio
<https://www-periodicos-capes-gov-br.ez45.perio-
dicos.capes.gov.br>. Esta pesquisa retornou 317 ar-
tigos revisados por pares nos Periddicos.

A partir dos artigos cientificos apresentados
pela pesquisa, foram utilizados alguns critérios para
selecdo através da analise individual dos resumos.
Os critérios sao os seguintes:

i. Tematica: ampla escala temporal de anali-
se, especificidade nos parametros do gelo marinho
(extensdo, concentragdo e volume) e local de estudo
focado aos Mares de Ross, Amundsen, Bellingshau-
sen e Weddell;

ii. Abordagem: analise estatistica dos resul-
tados ou modelagem numérica dos parametros com
fatores climaticos.

Finalizado o processo de selegdao do material,
foram realizadas analises e discussdes seguindo es-
tabelecer quais os principais fatores climaticos que
atuam na formacao e durag¢@o do gelo marinho no
Oceano Austral em 26 artigos cientificos. Os prin-
cipais fatores climaticos constatados sdo: pressdao
atmosférica e precipitacdo pluviométrica, TSM
(Temperatura da Superficie do Mar), TAS (Tem-
peratura do Ar na Superficie) e componente edlico
(meridional e zonal). Complementarmente, também
foram analisadas algumas publicagdes de relevancia
cientifica citados nos artigos selecionados.
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3 Resultados e Discussio
3.1 Pressio Atmosférica e
Precipitacio Pluviométrica

Turner & Colwell (1995) relataram que entre
1956 a 1993 os eventos de precipita¢cdo aumentaram
10% no lado oeste da Peninsula Antartica, a medida
que a pressdo atmosférica diminuiu. Ao utilizar da-
dos de precipitacdo pluviométrica provenientes do
modelo de reanalise atmosférica NCEP/NCAR para
avaliar sua influéncia sobre o volume e extensdo
do gelo marinho no Oceano Austral, Zhang (2007)
constatou por meio de modelos acoplados que o au-
mento da precipitacdo tende a incrementar o cresci-
mento de gelo marinho com o aumento na profundi-
dade da neve. Ao iniciar posteriormente o processo
de derretimento desta neve, houve uma reducdo da
salinidade e densidade no estrato superior do oce-
ano, levando a uma reducdo do revolvimento con-
vectivo e o transporte de calor ascendente associado,
resultando baixas temperaturas no estrato superior
do oceano.

Posteriormente, as pesquisas comegaram a
discutir sobre a influéncia do SAM (Southern He-
misphere Annular Mode) no Continente Antartico. O
SAM consiste em um modo dominante de variabi-
lidade na circulagdo atmosférica no Hemisfério Sul
e esta relacionado a uma alteracdo na massa atmos-
férica e, portanto, da pressao do nivel do mar entre
altas e médias latitudes (Gong & Wang, 1998). Na
Peninsula Antartica o aumento no indice do SAM
induz um fluxo mais forte de ar relativamente quente
de origem oceanica em sua dire¢@o pela face oeste,
forcando-o a transpor a cadeia de montanhas inin-
terruptas e levando a um aquecimento acentuado na
parte leste da peninsula (Marshall ez al., 2006). Este
fenémeno pode causar um aquecimento acentuado
sobre esta regido do Continente Antartico.

Ao utilizar dados do modelo de reanalise at-
mosférica NCEP/NCAR entre o periodo de 1979 a
2004 no modelo acoplado ORCA2-LIM, a analise
da significancia pelo Teste de Monte Carlo entre a
extensdao do gelo marinho no inverno e os modos
de variabilidade atmosférica SAM, ENSO (E! Nirio
Southern Oscillation) e SAO (SemiAnnual Oscila-
tion) nao apresentaram correlacdo estatistica em
todo Oceano Austral (Lefebvre & Goosse, 2008).
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Porém, ao analisar setorialmente foi constatada nos
meses de setembro de 1979 a 2004 uma correlagio
negativa entre a extensdo do gelo marinho do Mar
de Weddell com a dos Mares de Amundsen e Bellin-
gshausen. Nestas regides, identificaram mudangas
no padrao da pressdao atmosférica influenciando os
ventos, consequentemente, na velocidade de expan-
sdo do gelo marinho. No Mar de Weddell a extensao
do gelo marinho ¢ maxima uma vez que se encon-
trou uma anomalia de baixa pressdo que induz o ven-
to da direcdo sul, empurrando o gelo para o norte
(Lefebvre & Goosse, 2008). Este deslocamento do
gelo marinho para o norte esta ligado a estagdo de
crescimento do gelo, compreendida entre os meses
de abril a setembro. Ja nos Mares de Amundsen e
Bellingshausen encontramos padrdes de pressdo at-
mosférica opostos aos encontrados no Mar de Wed-
dell, podendo ser visualizado na figura 2.

Figura 2 Superficie de pressdo atmosférica sobre o Continente
Antartico (NCEP/NCAR, em Pa, compreendendo o periodo de
1979 a 2004, nos meses de agosto a setembro). Fonte: Lefebvre
& Goosse (2008).

Corroborando com Lefebvre & Goosse
(2008), Hosking et al. (2013) avaliaram a relacao
da pressao atmosférica com a variabilidade sazonal
do gelo marinho nos Mares de Amundsen e Bellin-
gshausen entre 1979 e 2011. Ao aplicar o teste T de
Student (intervalo de confianca de 95%), constata-
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ram neste periodo uma oscilagdo semestral (inverno
e verao) da posicdo longitudinal da zona de baixa
pressdo atmosférica, afetando no clima da Antarti-
ca Ocidental e no oceano circundante através da sua
influéncia em parametros meteorologicos (velocida-
de do vento, TAS e precipitacao pluviométrica) e na
concentrag@o do gelo marinho.

Pezza et al. (2012) em seu estudo referen-
te a relacdo climatica entre o SAM e a extensdo
do gelo marinho no Oceano Austral, analisaram a
correlagao dos dados espaciais de extensao do gelo
marinho em relacdo a presenca de ciclones de alta
latitude, fluxo e anomalias do vento. No Mar de
Bellingshausen e na regido oeste do Mar de We-
ddell observaram-se correlagcdes negativas signi-
ficativas entre o aumento da extensdo de gelo e a
polaridade positiva do SAM. Esta relagdo pode es-
tar sendo influenciada pelos ciclones mais intensos
que podem quebrar e transportar o gelo marinho a
outras regides (Pezza et al., 2012).

Em pesquisa recente Turner et al. (2016)
avaliaram a relagdo da pressao atmosférica sobre a
extensdao do gelo marinho na regido oeste do Con-
tinente Antartico entre 1979 a 2013. Nesta regido
identificou-se um comportamento bipolar na exten-
sdo do gelo entre o Mar de Ross e o Mar de Bellin-
gshausen devido a anomalias no componente edlico
ligadas ao ASL (Amundsen Sea Low). O ASL ¢ um
centro de pressdo ao nivel médio do mar, localizado
entre as latitudes 60° e 70° S, com forte interagao
entre a orografia do Continente Antartico e ventos
da direcdo oeste que atuam sobre o Oceano Austral
(Baines & Fraedrich, 1989).

3.2 Temperatura da Superficie do Mar

Ledley & Huang (1997) examinaram a con-
centracdo de gelo no Mar de Ross entre 1982 e 1994,
periodo que cobriu trés episodios de ENSO. Os auto-
res concluiram que ocorre uma diferenga estatistica-
mente significativa (intervalo de confianca em 99%)
entre a TSM e a concentragao do gelo marinho, com
anomalias de temperaturas quentes e frias correspon-
dendo a variagdes na concentragdo do gelo marinho.
A correlagdo maxima (R=0,72) entre as variaveis do
gelo marinho e temperatura ocorreu com um retardo
de trés meses apos o inicio do ENSO. Da mesma
forma, no paralelo 50° S os autores encontraram um
pico negativo na correlacdo (R= -0,70), localizado
a leste do Mar de Ross, apresentando um retardo na
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apresentagdo das anomalias da TSM e o SOI (Sou-
thern Oscillation Index) entre 2 a 3 meses.

Estas mudangas observadas no Oceano Aus-
tral sd3o os resultados do delicado equilibrio entre
varios processos: resposta termodindmica a radia-
¢do, mudangas na intensidade do SAM, estratifica-
¢do e transporte de calor ocednico e modificagdo do
transporte de gelo marinho. O efeito liquido de todos
esses elementos a TSM, extensdo do gelo marinho
ou formag¢do de aguas profundas, possuem diferen-
tes respostas quando se analisa diferentes periodos
(Goosse et al., 2009). Por exemplo, Liu et al.(2004)
detectaram tendéncias crescentes na extensdo total
do gelo marinho na Antartica no periodo de 1979 a
2002, constatando que durante o modo positivo do
SAM ha ampliacao da extensao do gelo marinho na
regiao leste do Mar de Ross e no Mar de Amundsen,
e retracao no Mar de Bellingshausen e ao norte do
Mar de Weddell, enquanto os ciclos de ENSO apre-
sentam situagdes opostas.

Ja Zhang (2007) avaliou o impacto da TSM
sobre o volume e extensdo do gelo marinho de 1979
a 2004 por meio dos dados da reanalise atmosférica
NCEP/NCAR e HadISST (Hadley centre global sea
Ice and Sea Surface Temperature), respectivamen-
te. O autor observou que a natureza do fendémeno
da amplia¢@o do gelo marinho na Antartica em um
ambiente aquecido ¢ o resultado de uma reagao se-
quencial. Com alta correlagao (R=0,90) entre a TAS
e a radiacao de ondas longas sobre a superficie, o
aumento destas ocasiona elevacdo da TSM e a taxa
de crescimento do gelo diminui, ocasionando uma
redug@o na rejeigao de sal do gelo novo e, portanto,
na salinidade e densidade do oceano no estrato supe-
rior. Isto afeta a circula¢@o termohalina e o enfraque-
cimento convectivo, reduzindo o transporte de calor
do fundo do oceano para cima, tendo pouco calor
disponivel para derreter o gelo marinho. Por isso,
que o transporte total de calor oceanico ascendente
e o fluxo total de calor oceanico estdo intimamente
correlacionados (R= 0,83).

Simpkins et al (2012) avaliaram por meio do
coeficiente de correlagao linear entre os componen-
tes principais o comportamento da concentragdo do
gelo marinho na Antartica em relagao ao SAM, no
periodo de 1980 a 2008 e ao longo das quatro esta-
¢oes do ano. Nos periodos de inverno e primavera
se encontraram as maiores correlagdes (R= 0,63
para SAM e R= -0,60 para ENSO, respectivamen-
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te, ao intervalo de confianga de 95%) entre a con-
centracdo do gelo marinho Antartico e episodios
de SAM. Também encontraram correlagdes com as
outras estacdes do ano, porém, com menor magni-
tude. Esta perturbacdo na forma¢do do gelo mari-
nho esta relacionada aos fluxos de calor anomalos
afetando na TSM.

Ao analisar a circulagdo oceanica proximo
as plataformas de gelo marinho, identifica-se que a
ASBW (Antarctic Continental Shelf Bottom Water)
possui um padrao distinto regional na temperatura
e salinidade. Schmidtko er al. (2014) detectaram
em sua pesquisa que nas plataformas dos Mares de
Bellingshausen e Amundsen houve um significativo
aquecimento (0,1° a 0,3°C por década) e saliniza-
¢ao (0,01 a 0,04 g por década) desde 1990. A regido

ocidental do Mar de Weddell apresenta um pequeno
arrefecimento (-0,05° + 0,04°C por década) e des-
salinizagdo (-0,01 + 0,007 g por década). A ligacao
entre as mudancas nas propriedades do ASBW e o
CDW (Circumpolar Deep Water) estido associadas
ao relevo continental. A CDW pode ser categorizada
em dois regimes, inclinado para cima ou para baixo
na diregdo da plataforma. Nos Mares de Amundsen e
Bellingshausen encontramos ventos ciclonicos com
o centro dos sistemas de baixa pressao sobre a plata-
forma continental, causando a inclinagdo para cima
das isotermas, independente da direcdo do vento
(leste ou oeste) (Figura 3 A). Ja os Mares de Wed-
dell e Ross estdo sujeitos a fortes ventos ciclonicos
da direg@o leste sobre o gelo marinho em formagao,
inclinando para baixo as isotermas (Figura 3 B).

Agua fria da plataforma e
injecdo limitada de dgua

quente
Possivel formac3o de dgua
de fundo

Ventos fracos do leste
Grande descarga de ﬁ ﬁ ﬁ 4y | atuando na quebra da
agua doce continental plataforma
Arrefecimento
da dgua
” superficial no
Derretimento inverno
basal
. " Agua circumpolar profunda
Aquecimento da agua inclinada para cima em
na plataforma e injecdo maior volume e aguecendo
de agua aquecida
B Ventos fortes do

leste atuando na
quebra da
plataforma

- ™~
o T

Corrente costeira
Antartica

Agua circumpolar profunda
inclinada para cima

Arrefecimento da
agua superficial
no inverno

Figura 3 Diferengas es-
quematicas de massas de
agua na plataforma. Fonte:
Adaptado de Schmidtko et

al. (2014).
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3.3 Temperatura do Ar na Superficie

A TAS também ¢ um dos principais parame-
tros que determinam a distribui¢@o da cobertura de
gelo marinho. Por exemplo, a retracdo recorde na
extensdo do gelo marinho no Mar de Bellingshausen
entre 1991 e 1998 deve-se ao vento sul e as altas TAS
a oeste da Peninsula Antartica em 1989. Este even-
to foi precedido por uma ampliacdo na extensao de
gelo marinho registrada entre 1986 e 1987 (Jacobs
& Comiso, 1993). Ao realizar uma regressao linear
com dados anuais de extensdao de gelo marinho do
Mar de Bellingshausen por meio de dados do ESMR
(1973-76), SMMR (1978-87) e SSM/I (1987-94)
com a TAS da Estagdo de Faraday-Rothera, Jacobs
& Comiso (1997) observaram que o aumento de 1°C
da TAS corresponde a uma redugio de 0,11 x 10°
Km? de gelo marinho, com uma correlagéo (R) em
0,77 no intervalo de confianca de 99%.

No Continente Antartico encontram-se re-
gides cobertas pelo gelo marinho plurianual e nestes
locais podemos encontrar aguas abertas em meio a
banquisas e gelo fixo, sem formato linear, denomina-
das de polinias (Simdes, 2004). Nihashi & Ohshima
(2015) avaliaram a correlacdo do volume diario de
gelo marinho produzido nas treze maiores polinias
costeiras do Continente Antartico sob diferentes
condi¢des atmosféricas obtidas pelo ERA-Interim
por meio da regressao linear multipla, ao intervalo
de confianca de 99,5%. Os resultados apresenta-
ram correlacdo positiva com a umidade relativa do
ar (f < 0,73) e velocidade do vento (B < 0,35), po-
rém correlacao negativa com a TAS (B > -0,75). Ja
nas polinias que possuem agao dos ventos cabaticos
verificou-se que nenhum dos trés parametros foram
suficientes para explicar o volume de gelo marinho
produzido diariamente (R* < 0,30), pois este parame-
tro ndo consegue ser reproduzido acuradamente pelo
modelo de reanalise atmosférica.

Ja Lindemann & Justino (2015) analisaram
a variacdo sazonal da TAS correlacionando com a
AAO (Antarctic Oscillation) durante o periodo de
1989 a 2009 no Continente Antartico por meio do
teste T de Student, aos niveis de significancia de 1%
e 5%. Para ambos os niveis de significancia foram
encontradas correlagdes positivas entre as TAS e a
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AAO na Peninsula Antartica e [lhas Shetland do Sul
durante os periodos de outono, inverno e primavera
austral. Ja durante o verdo austral, a AAO apresentou
correlag@o negativa para a variacdo da TAS princi-
palmente para as regides do Mar de Weddell, Ocea-
no Indico e setor oriental da Antartica. Nas regides
do Mar de Ross, Peninsula Antartica e Ilhas Shetland
do Sul nao foram observadas variagdes significativas
associadas com a AAO nesta estagao.

Uma forte ligacdo entre a TAS e a area co-
berta por gelo marinho no Hemisfério Sul também
foi constatada por Comiso (2016) em analises quan-
titativas. Avaliando a dispersdo das médias mensais
entre 1981 a 2016 da area coberta por gelo marinho
com a TAS derivada do sensor AVHRR (4dvanced
Very-High-Resolution Radiometer), constata-se um
alto valor de correlagao linear (R=-0,94) para a An-
tartica e os seguintes valores para os setores: Mar
de Weddell (-0,90), Oceano Indico (-0,94), Oceano
Pacifico Ocidental (-0,92), Mar de Ross (-0,93) e
Mares de Bellingshausen e Amundsen (-0,89).

As alteragdes no comportamento climatico
constatadas pelos modelos de reanalise atmosférica
podem ser validadas em trabalhos cientificos, como
Comin & Justino (2017). Os autores avaliaram alte-
ragdes climatologicas na TAS e componente edlico
nas Ilhas Shetland do Sul e na Peninsula Antartica
Oriental e Ocidental através de dados de estagdes
meteorologicas automaticas distribuidas pela regido.
Nas estagdes meteorologicas de Bellingshausen e
Jubany, localizadas nas Ilhas Shetland do Sul, os
autores observaram um aumento de temperatura de
0,8°C e 1°C durante o periodo, mas nenhuma alte-
ragao significativa na velocidade do vento. Porém,
nas outras regides ocorreram mudangas na TAS e no
componente e6lico, com destaque para a parte orien-
tal da Peninsula Antartica onde houve aquecimen-
to de 1,7°C na esta¢@o meteorologica Esperanza ao
longo de 56 anos e 3,2°C na estacdo de Faraday ao
longo de 63 anos, acompanhado com variagdes na
velocidade do vento meridional e zonal.

3.4 Componente Eélico

As tendéncias do movimento do gelo marinho
sao dominadas pelos ventos e podem contribuir sig-
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nificativamente para a distribuicdo da concentracio
de gelo, efeitos dindmicos e termodinamicos, refor-
¢ando a necessidade de uma melhor compreensao
das mudangas do componente edlico (Holland &
Kwok, 2012). Lefebvre et al. (2004) empregaram
um modelo acoplado para identificar o comporta-
mento do gelo marinho a partir de dados diarios de
temperatura do ar a 2 m e componentes do ventoa 10
m advindos da reanalise atmosférica NCEP/NCAR.
Lefebvre et al. (2004) identificaram que nos Mares
de Weddell, Ross, Amundsen e Bellingshausen o
padrao de pressao atmosférica associada ao SAM
induz a ventos meridionais, circulando o ar mais
quente nas regides do Mar de Weddell e ao redor
da Peninsula Antartica, e o ar mais frio nos Mares
Amundsen e Ross. Isto implica uma resposta bipolar
do gelo marinho ao SAM, com uma diminuicdo na
média de area coberta por gelo no Mar de Weddell
e ao redor da Peninsula Antartica e um aumento nos
Mares de Ross e Amundsen durante os anos com um
indice alto de SAM. Porém, a longo prazo a area co-
berta por gelo marinho ndo parece estar correlacio-
nada com a tendéncia no indice SAM.

Harangozo (2006) avaliou em seu trabalho a
influéncia do vento proveniente da circula¢ao atmos-
férica meridional sobre a extensdo do gelo marinho
na regido oeste da Peninsula Antartica, no més de
agosto, entre os anos de 1979 a 2001. O autor ve-
rificou que o aumento da extensao de gelo esta for-
temente correlacionada a deriva do gelo e induzida
pelo vento meridional (R= 0,74 para longitude 75°
W e R= 0,70 para 70° W, ao intervalo de confianga
de 99% pelo teste T de Student, a partir de dados da
extensdo do gelo marinho derivados do sensor SS-
M/I entre 1988 a 2001).

No Oceano Austral encontra-se a ACC que
consiste em uma forte circulagdo oceanica contor-
nando o Continente Antartico, fluindo continuamen-
te para o leste e cercando a Antartica pelo oeste. Ao
longo da linha de costa da Antartica, ao sul da ACC,
encontramos dois grandes giros localizados no Mar
de Weddell e Mar de Ross (Talley ef al., 2011). Ana-
lisando a correlagdo linear (intervalo de confianca de
99%) entre os dados referentes sobre o deslocamen-
to do gelo marinho e o componente edlico obtido
por meio do modelo de reanalise atmosférica ERA-
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-Interim entre o periodo de 1992 a 2010, foi iden-
tificada uma correlacao (R) média superior a 0,70
para o Setor Atlantico nos meses de abril a outubro.
Além disso, foram constatadas aceleragdes no giro
de Ross, sendo este, possivelmente o fator responsa-
vel pelo derretimento das placas de gelo no Mar de
Ross. Ja no Mar de Weddell houve uma diminuigao
da ciclicidade do gelo marinho evidenciando assim
uma desaceleracao do giro de Weddell, mas ndo con-
seguindo sozinha explicar o aquecimento da agua de
fundo da Antértica exportado para as regides abis-
sais do Atlantico (Holland & Kwok, 2012).

Ao analisar o comportamento da extensdo do
gelo marinho do Continente Antartico, Goosse &
Zunz (2014) relaciona a discreta anomalia positiva
a um mecanismo de estabiliza¢dao em escala de tem-
po interanual. Este mecanismo pode estar associado
ao transporte descendente do sal durante o processo
de formagao do gelo marinho, misturando-se com a
agua de fundo da Antartica. Devido a esta forte es-
tratificacdo e com a presen¢a de gelo marinho, um
calor maior ¢ armazenado em profundidade no ocea-
no e o fluxo de calor oceanico vertical é reduzido,
o que contribui para manter uma maior extensao de
gelo. Consequentemente, a distribui¢do espacial na
concentragdo do gelo é imposta por mudangas do
vento que podem fornecer a perturbagao inicial, al-
terando a interagao gelo-oceano.

Holland (2014) investigou a relacdo da con-
centracdo e extensdo do gelo marinho obtido por
meio de dados derivados de satélites de micro-ondas
passivo, entre 1979 a 2012, com informacdes sobre
dire¢ao do vento fornecidas pelo modelo de reanali-
se do ERA-Interim. Os resultados demonstram uma
tendéncia de expansdo positiva ao longo do verdao
austral no Mar de Weddell. Ja para no Mar de Bellin-
gshausen encontra-se uma tendéncia oposta, persis-
tindo até o inicio do inverno austral. Ao analisar os
resultados, verifica-se no Mar de Weddell, durante o
outono austral, uma aceleragdo da intensifica¢@o no
avanco da borda de gelo associada a direcdo leste do
vento e no inverno austral da direcdo noroeste. No
Mar de Bellingshausen a ligagao entre as tendéncias
do vento e do gelo ndo sao conclusivas, sendo que
o ganho reduzido de gelo no inverno austral pode
estar atribuido a ventos no sentido oeste, o que su-
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gere uma reducdo na importacdo de gelo pelo leste,
e o aumento da perda de gelo na primavera austral
poderia ser causado pelo vento do sentido norte oca-
sionando a menor convergéncia de gelo.

Ja Zhang (2014) realizou a analise da influén-
cia do componente edlico sobre o volume de gelo
marinho entre 1979 a 2010 através do coeficiente
de correlagdo pela transformada de Fisher, sob in-
tervalo de confianga em 95%, utilizando dados de
reanalise atmosférica NCEP/NCAR e HadISST. Foi
observado que intensificando o vento ocorre um au-
mento na velocidade do gelo marinho (R=0,75) e na
convergéncia (R=0,78) principalmente nos Mares
de Weddell, Bellingshausen, Amundsen e Ross. A
analise também apresentou dentro periodo um au-
mento da espessura do gelo (espessura > 2 m) no
Oceano Austral, enquanto os volumes de gelo fino
(espessura < 1 m) e gelo com espessura média (1
m < espessura < 2 m) resultados inalterados. Assim,
consequentemente, o aumento da espessura leva a
um aumento no volume do gelo marinho no Oceano
Austral, principalmente ao sul do Mar de Weddell.
Além disso, o aumento na espessura do gelo mari-
nho podera incrementar em 0,91% ao ano sobre o
volume, sendo significativamente maior em rela¢do
aos outros parametros como extensao (0,14 a 0,21
% ao ano) ou concentragao (0,24 a 0,28 % ao ano).

Diante do exposto acima, a quadro 1 apresenta
uma sintese de todos os pardametros meteorologicos
(pressdo atmosférica e precipitacdo pluviométrica,
TSM, TAS e componente eo6lico) que correlacionem
estatisticamente com o comportamento do gelo ma-
rinho em relagdo a extensdo, concentracgao e volume.
Estes estudos utilizaram técnicas de sensoriamento
remoto por micro-ondas passivo e modelos de rea-
nalise atmosférica para a avaliagdo de seus dados.

4 Conclusoes e Recomendacdes

Este trabalho possibilitou analisar a influéncia
dos principais fatores climaticos na formacao, locali-
zagao e durac¢do do gelo marinho na Antartica com o
emprego de sensores remotos e modelos de reanalise
atmosférica. Identificaram-se sistematicamente nos
trabalhos que os Mares de Ross, Amundsen, Bellin-
gshausen e Weddell apresentam padrdes distintos na
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Fontes oo
Parametros |Parametros do Técnica
Meteorologicos| Gelo Marinho AUt ‘I‘!Zr::‘t’:: Estatistica
TASe ESMR, o
componente Extensdo Co‘rjr?iggba 9&93) SMMR e CoIriLe;:?ao
edlico SSMII
ESMR -
" Jacobs & : Correlagao
TAS Extensdo Comiso (1997) SgASI\AMRIIe linear
- Ledley & [NMC, SMMR| Correlagao
TSM Concentragao | jy ang (1997) | e SSMII linear
TSM, TAS N
€ pressao Extensdo Lefe(g\(/)rg;t al. NCEP/NCAR Col%eelz(r;ao
atmosférica
TAS, pressao
S : NCEP/NCAR .
atmosférica e x Liu et al. ’| Correlagao
componente Concentragéo (2004) SgASMMR”e linear
edlico
ERA-40
Componente % Harangozo | Teste Tde
edlico Extenséo (2006) | SYMRE | Student
TAS e pressao - Marshall etal.| ERA-40e | Correlagao
atmosférica Extanszo (2006) SSMII linear
TSM, TAS e .
AL Extenséo e HadISSTe | Correlagao
precipitagao Zhang (2007) ¢
pluviométrica volume NCEP/NCAR| linear
Pre?séo - % .
atmosférica e i efebvre este de
componente Extensao Goosse (2008) NCEP/NCAR Monte Carlo
edlico
Componente " Holland & |ERA-Interim e| Correlagao
edlico Concentragdo | ok (2012) | SSMII linear
Pressao NCEP2, ERA-
atmosférica e Extensiio Pezzaetal. | 40, JRA25, | Correlagao
componente (2012) SMMR e linear
edlico SSMII
Coeficiente
de correlagéo
Presséo C traca Simpkins et al NCSE&,(AN'%: AR, linear
atmosférica ONCenNACa0 (2012) SSM ”e entre as
componentes
principais
Pressi . . ERA-Interim,
ressao  |Concentracgéo e Hoskln? etal. SMMR. SSMII Teste T de
atmosférica extensao (2013) e SSMIS Student
ERA-Interim, .
Componente | 6o centragao [Holland (2014)[SMMR, SSM| Correlagéo
edlico e SSMIS linear
C C HadISST Correllaqéo
omponente [Concentracao e a e pela
edlico volume | 2129 (2014) | NGEPINCAR [transformada
de Fisher
Umidade relatival ’ ; :
doar, TASe Extensao e 'gﬂ:ﬁ:::]g‘ 55%,';‘5?& Regressao
componente volume (2015) o AMSR-E linear maltipla
edlico
AVHRR, i
TAS Extensao  |Comiso (2016) SMMMR]e Colri;]e;:?ao
SSM/
Pressao '
atmosférica e |Concentragao e| Turner et al. SEMRGhIntSegm)I Correlagao
componente extensao (2016) e SSMIS linear
edlico

Quadro 1 Resumo das pesquisas que apresentam correlagdo de
variaveis climaticas no comportamento do gelo marinho utili-
zando dados obtidos pelo sensoriamento remoto por micro-on-
das passivo e modelos de reanalise atmosférica.

159

56



Influéncia Climatica na Formagéo do Gelo Marinho da Antartica Registrada por meio do Sensoriamento Remoto
Fernando Luis Hillebrand; Cristiano Niederauer da Rosa; Janisson Batista de Jesus & Ulisses Franz Bremer

formagao, extensdo e concentragdo do gelo marinho
em episodios de SAM, evento onde sdo encontradas
anomalias no comportamento padrdo das variaveis
meteorologicas (pressdo atmosférica e precipitagdo
pluviométrica, TSM, TAS e componente edlico).
Em episodios com modo positivo de SAM, ha uma
maior concentragdo e extensdao de gelo marinho na
regido leste do Mar de Ross e Mar de Amundsen, e
menor no Mar de Bellingshausen e ao norte do Mar
de Weddell.

Ao considerar o emprego de sensores remotos
na Antartica, identificam-se limitagdes do sensoria-
mento remoto Optico nesta regido devido a falta de
luminosidade solar durante o dia no inverno e pela
nebulosidade frequente encontrada durante o verao,
sendo estes problemas superados com o uso de sen-
sores remotos por micro-ondas passivo. Estes sen-
sores permitem obter séries temporais da extensdo
e concentra¢do do gelo marinho, destacando-se os
sensores ESMR, SMMR, SSM/I e SSMIS com da-
dos de temperatura de brilho disponiveis desde 1973.
Ao utilizar estes dados para avaliar aspectos dimen-
sionais da formac¢@o do gelo marinho (concentragéo,
extensdo e volume) em relacdo as condigdes clima-
ticas, destaca-se nos trabalhos avaliados a utilizacdo
dos modelos de reanalise atmosférica ERA-Interim
e NCEP/NCAR predominantemente.

Outro aspecto constatado ¢ a escala de analise
das regides de estudo, sendo que a maioria dos tra-
balhos utilizam o Oceano Austral ou sua setoriza¢ao
por mares. Esta escala esta relacionada principal-
mente com a resolugdo espacial do pixe/ (25 Km x
25 Km) dos sensores remotos apresentados. Neste
sentido, uma técnica complementar que pode ser re-
comendada para melhorar a acuracia do mapeamento
¢ a analise subpixel, utilizando para analise assinatu-
ras espectrais de componentes puros provenientes de
sensores remotos com resolugdo espacial superior,
possibilitando assim estudos regionalizados. Além
disso, como a atmosfera ndo se comporta como en-
tidade tinica em todo Oceano Austral, necessitam-se
estas avaliacdes regionalizadas para avaliar o com-
portamento do gelo marinho sob diferentes condi-
¢des meteorologicas.

Nos artigos analisados constata-se o predo-
minio da estatistica univariada, correlacionando de-
terminado fator climatico com o comportamento de
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determinado parametro do gelo marinho, para um
determinado mar ou setor do Oceano Austral. Por-
tanto, recomendam-se pesquisas que apresentem em
sua metodologia analises estatisticas multivariadas
por meio da regressao multipla, possibilitando es-
tabelecer a correlagdo e previsdo das alteragdes do
comportamento de determinado parametro do gelo
marinho em detrimento da interagdo entre as dife-
rentes variaveis meteorologicas.
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2.3.2 Artigo 2 — Comparison between Atmospheric Reanalysis Models ERA5 and ERA-

Interim at the North Antarctic Peninsula Region

O artigo foi publicado nos Annals of the American Association of Geographers, v.
111, n. 4, p. 1147-1159, 2021.

A disponibilidade de dados meteoroldgicos precisos € importante para a modelagem
dos fluxos atmosfeéricos, possibilitando o entendimento das mudancgas climaticas em um
determinado ambiente ao longo do tempo. Portanto, este estudo teve como objetivo
avaliar a qualidade dos dados meteorolégicos de 2 metros de Temperatura (T) e Presséo
ao Nivel Médio do Mar (PNMM), obtidos por meio dos modelos de reanalise atmosférica
ERA5 e ERA-Interim (ERA-i) na regido norte de Peninsula Antértica, abrangendo o
periodo de 1979 a 2018. Para a realizacdo do processo estatistico, foram utilizadas
observacdes locais de nove estacfes meteorologicas instaladas na regido de estudo,
com dados disponiveis no Scientific Committee on Antarctic Research (SCAR). A analise
estatistica avaliou o coeficiente de correlagéo linear de Pearson (R), desvio-padrao (o),
Normalized Bias (NBIAS), Normalized Mean Absolute Error (NMAE) e Normalized Root-
Mean-Square Error (NRMSE). Em relacdo a diferenca de T entre as estacdes
meteoroldgicas e os modelos de reandlise, encontramos um melhor resultado para o
ERAS5 (AT = -0,34°C) em comparac&do com ERA-i (AT = 0,37°C), porém as diferencas de
PNMM do ERA-i (APNMM = -0,04 hPa) apresentaram melhor resposta em relacdo ao
ERA5 (APNMM = 0,24 hPa). Além disso, encontramos uma correlagdo muito forte dos
dados dos modelos de reandlise atmosférica com as observacfes locais, apresentando
também resultados satisfatorios nos indicadores NBIAS, NMAE e NRMSE para a PNMM

com valores inferiores a 0,01% em ambos os modelos, porém, para a T2m encontramos
no ERA-i uma leve superioridade (ANBIAS = 0,38%, ANMAE = 0,10% e ANRMSE =
0,14%) em relacdo ao ERAS. Ao verificar a tendéncia das observagdes meteorologicas
locais, um aumento de T em 0,31°C década™ (estacdo Esperanza) e uma reducéo de

PNMM entre -0,56 (estacdo Bellingshausen) para -0,80 hPa década™ (estacédo Jubany).
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Cristiano Niederauer da Rosa, ® Claudio Wilson Mendes, Jr.,’® Juliana Costi, ®
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"Institute of Geoscience, Federal University of Rio Grande do Sul
*Institute of Oceanography, Federal University of Rio Grande
SComputational Modeling Postgraduate Program, Federal University of Rio Grande
TDepartment of Education, Federal Institute of Rio Grande do Sul

The availability of accurate meteorological data is important for the modeling of atmospheric flows, enabling
the understanding of climate change in a given environment over time. Therefore, this study aimed to
evaluate the quality of the meteorological data of 2 m temperature (T) and mean sea level pressure (MSLP),
obtained through the atmospheric reanalysis models ERA5 and ERA-Interim (ERA-i) in the northern region
of the Antarctic Peninsula, covering the period from 1979 to 2018. To carry out the statistical process, local
observations from nine weather stations installed in the study region were used, with data available from the
Scientific Committee on Antarctic Research. Statistical analysis evaluated Pearson’s linear correlation
coefficient (R), standard deviation (), normalized bias, normalized mean absolute error, and normalized root
mean square error. Regarding the difference in T between weather stations and reanalysis models, we found
a better result for ERA5 (AT = —0.34°C) compared to ERA-i (AT = 0.37°C); however, for the difference
in MSLP the ERA-i (AMSLP = —0.04 hPa) presented a better response in relation to ERA5 (AMSLP =
0.24hPa). When verifying the local meteorological observations trend, an increase of T in 0.31°C decade™
(Esperanza station) and a reduction of MSLP between —0.56 (Bellingshausen station) and —0.80hPa
decade™ (Jubany station) were recorded. Key Words: air temperature, Antarctic, atmospheric pressure,
weather stations.

he Antarctic Peninsula is one of the most warming in the eastern part of the peninsula

sensitive regions to climate change on the

Antarctic continent (Ress 2003). Weather
stations installed in the region register a sharp
increase in warming, with an average temperature
(T) increase of 3.7+1.6°C century ' (Vaughan
et al. 2003). In addition, the Antarctic Peninsula is
exposed to a strong influence of the Southern
Hemisphere Annular Mode (SAM), which consists
of a dominant mode of variability in atmospheric
circulation in the Southern Hemisphere and is
related to a change in atmospheric mass and there-
fore in mean sea level pressure (MSLP; Gong and
Wang 1998). The increase in the SAM index
induces a stronger flow of relatively warm oceanic
air toward it from the west face, forcing it to cross
the unbroken mountain chain and leading to marked

(Marshall et al. 2006).

Given this, the availability of accurate meteoro-
logical observations is important for the study of cli-
matological phenomena in that region. In regions of
difficult access such as the Antarctic Peninsula, how-
ever, we find a limited number of these weather sta-
tions providing continuous information. A solution
to this limitation is the use of the meteorological
data set provided by atmospheric reanalysis models
(Bracegirdle 2013). Atmospheric reanalysis consists
of a global forecasting model with input observations
and an assimilation scheme that are used together to
produce better estimates (analyses) of past atmo-
spheric states (temperature, wind fields, geopotential
height, and humidity). The forecast model propa-
gates information forward in time and space from
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previous analyses of the atmospheric state (Fujiwara
et al. 2017).

With this objective in mind, an analysis of the
data quality of atmospheric reanalysis models is
important, quantifying the accuracy of the informa-
tion provided in a given region. Bracegirdle and
Marshall (2012) verified from the comparison of
local observations found in weather stations with the
main reanalysis models such as Climate Forecast
System Reanalysis (CFSR), European Reanalysis
Agency (ERA-40), European Reanalysis Agency-
Interim (ERA-i), Japanese Meteorological Agency
Reanalysis (JRA-25), and Modern Era Retrospective-
Analysis for Research and Applications (MERRA),
between 1979 to 2008, that ERA-i performed best
for Antarctica, mainly for MSLP data and geopoten-
tial height at 500 hPa. Tastula et al. (2013) revealed
errors related to the amplitude and shape of the
diurnal cycle of variables such as T, humidity, and
wind speed of these atmospheric reanalysis models,
with the ERA-i showing the best results in the
reproduction of these cycles.

In 2018, the European Center for Medium-Range
Weather Forecasts (ECMWEF) made available a new
model of atmospheric reanalysis called ERAS5, the suc-
cessor to ERA-i since 31 August 2019, with some
improvements like better spatial (regular 0.25° x 0.25°
grid) and temporal (time interval) data resolution,
improved tropospheric modeling, representation of
tropical cyclones, improved global precipitation and
evaporation balance, and more consistent sea surface
and sea ice temperature data (Hersbach et al. 2019).

Therefore, the objective of this study is to evalu-
ate the accuracy of the MSLP and T data between
the atmospheric reanalysis models ERA5 and ERA-i,
based on local data provided by the weather stations

located in the north region of the Antarctic
Peninsula, from 1979 to 2018.

Study Site

The study site is located on the Antarctic
Peninsula between latitudes 61.88° S and 64.52° S
and longitudes 62.32° W and 55.33° W. In this
place, there is a predominantly alpine topography
with T in summer exceeding 0°C at the average
level of the sea (Vaughan et al. 2003). For this rea-
son, the melting of ice is an important component,
which allows the presence of melting water and sea-
sonal rocky outcrops, thus enabling the existence of

a more abundant terrestrial flora and fauna than in
other regions of Antarctica. On the Antarctic
Peninsula there is an uninterrupted mountain range
with altitudes between 1,400 and 2,000 m, forming a
climate barrier (Schwerdtfeger 1984). In the west
and central regions, we find a maritime climate dom-
inated by the Bellingshausen Sea, whereas the east
coast has a continental climate dominated by the
Weddell Sea (Martin and Peel 1978).

To the north of the Antarctic Peninsula we can
find T in winter ranging from —5.6+1.9°C
(Bellingshausen station) to —10.0+2.2°C (Esperanza
station), and T in summer varies between
0.8+£0.6°C (Vernadsky, located at 65.25° S, 64.26°
W) to 1.3+£0.5°C (Bellingshausen station) according
to Turner et al. (2020). It is noteworthy in this
region that the heating of the T is more accentuated
during the winter (King 1994; Stark 1994), because
Vaughan et al. (2003) found for the Vernadsky
weather station, between 1950 to 2001, a trend of
11.0+9°C (century™ ') for winter and 2.4+1.7°C
(centuryfl) for summer.

Material and Methods

Atmospheric Reanalysis and Meteorological
Observations Data

The evaluation of the accuracy between the
atmospheric reanalysis models on the Antarctic
Peninsula was made by comparing local meteorologi-
cal information and data from the ERA models
(ERA-i and ERA5) provided by ECMWE. These
models are data assimilation systems that combine
local observations and predictive models, providing
information on the evolution of the atmosphere and
the surface below it (Tetzner, Thomas, and Allen
2019). The study focused on meteorological parame-
ters assessment of T and MSLP in two different
aspects. The first refers to data availability from local
weather stations, with only T, MSLP, wind speed,
and wind direction observations being reported regu-
larly. The second aspect is according that the rele-
vance of meteorological parameters T and MSLP in
climatological modeling of that region is strongly
influenced by SAM (Gong and Wang 1998;
Lefebvre and Goosse 2005; Marshall et al. 2006).

In the ERA-i model, monthly T and MSLP data
were used in the digital format Network Common
Data Form (NetCDF), with standard spatial grid
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Table 1. Weather stations in Antarctic Peninsula with data available by MET-READER, geographical location, and time
interval of analysis

Site Latitude (°S) Longitude (°W) Elevation (m) Data interval Number of valid months
Bellingshausen 62.2 58.9 16 1979-2018 480
Esperanza 63.4 57.0 153 1979-2018 473
Ferraz 62.1 58.4 20 1993-2005 144
Great Wall 62.2 59.0 10 1985-2018 392
Jubany 62.2 58.6 4 1988-2018 342
King Sejong 62.2 58.7 11 1988-2014 266
Marambio 64.2 56.7 198 1979-2018 476
Marsh 62.2 58.9 10 1979-2018 454
O’Higgins 63.3 57.9 10 1979-2018 388

resolution of 0.75° x 0.75°. The monthly values are
constituted by the arithmetic mean of all daily obser-
vations performed at times 0, 6, 12, and 18
Coordinated Universal Time (UTC) (Dee et al.
2011). To make these data compatible with the
ERA5 model, the bilinear interpolator was used for
continuous parameters available on the ECMWE
Web site at the time of file acquisition, generating a
final grid with a spatial resolution of 0.25° x 0.25°.
In the ERA5 model the monthly values of T and
MSLP are also constituted by the arithmetic mean of
all daily observations performed but with an hourly
interval. The file format used was also NetCDF with
a standard grid resolution of 0.25° x 0.25°.

Starting from the geographic locations (latitude
and longitude) of the nine weather stations used in
this study, the extraction of T and MSLP values was
performed in the corresponding NetCDF files consid-
ering the pixel information in the extraction over
the surface (single level) for each weather station
(WS). Table 1 presents a summary of the weather
stations and the set of valid data used, and Figure 1
shows the geographic location of the referred
weather stations located on the Antarctic Peninsula
and the representation of the relief in the region
through the Reference Elevation Model Antarctica
(Howat et al. 2019). Meteorological observations are
made available by the Scientific Committee on
Antarctic Research’s Reference Antarctic Data for
Environmental Research (READER) project, which
aims to create a set of data with long duration of
meteorological measurements, from a system of sta-
tions installed in Antarctica (Turner and Pendlebury
2004), found on the Web site http://legacy.bas.ac.uk/
met/READER (Turner and Pendlebury 2019). For
the statistical analyses, only average monthly sam-
ples were considered that had in their metadata a

percentage of daily observations greater than 90 per-
cent for T and MSLP.

Among the information assimilated by the atmo-
spheric reanalysis models to produce the forecasts are
the data made available by the weather stations. The
databases used by ECMWF for the assimilation of the
ERA-i and ERA5 models are the Surface Synoptic
Observations (SYNOP) and the Meteorological
Airdrome Report (METAR; Dee et al. 2011). The
Marsh station is part of the METAR database, and
the Bellingshausen, Esperanza, Ferraz, Great Wall,
Jubany, King Sejong, Marambio, and O’Higgins sta-
tions are part of SYNOP.

Statistical Analysis

To evaluate the accuracy of the reanalysis models,
absolute mean monthly values of T and MSLP were
used to apply the normalized bias (NBIAS), normal-
ized mean absolute error (NMAE), and normalized
root mean square error (NRMSE), as shown in
Equations 1, 2, and 3 (Madsen et al. 2005; Rodrigo
et al. 2013; Tetzner, Thomas, and Allen 2019).

N Ereanalysis ( t) _K\X/S(t)

1
NBIAS =<3 = (1)
1 N [Xreanal sis(t)_KWS(t)
NMAE = — LEL (2)
Ly o)

2
_ 1 N irc;\nalysis (t) _RWS (t)
NRMSE = | | 5D, ( — ;

3)

where  Xieanalgsis i the monthly average value
obtained by atmospheric reanalysis, Xws is the
monthly average value obtained by observation at
the weather stations, and yys is the annual
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Figure 1. Map identifying the geographical location of weather sta

average value obtained from observations at the
weather stations.

The root mean square error (RMSE) is recom-
mended for statistical analyses that combine errors
with low correlation, high bias, and normal distribu-
tion (Bromwich and Fogt 2004), but this metric is
sensitive to extreme values. In addition, other indi-
cators such as NBIAS and NMAE were then applied
to assess the performance of the models. BIAS makes
it possible to obtain additional information related
to the variance of errors in a given sample
(Brassington 2017). The MAE indicates the average
performance attributing the same weight to all errors
and its tendency is to present values lower than that
verified by the RMSE (Willmott and Matsuura 2005;
Willmott, Matsuura, and Robeson 2009).

To assess the correlation between data from atmo-
spheric reanalysis models and local observations, the
normality of the data was checked previously using

tions and the relief of the Antarctic Peninsula.

the Shapiro-Wilk test. This is a nonparametric test
used to identify the adherence of the data to normal,
allowing evaluation of different distributions and
sample sizes (Shapiro and Wilk 1965). In this study,
the decision rule adopted, at the 5 percent signifi-
cance level, to identify whether the distribution is
normal or not was (1) accept Hy if p > 0.05; that is,
the data set has normal distribution; and (2) reject
H, if p < 0.05; that is, it cannot be assumed that
the data set in question has a normal distribution.
Given the assumption of parametric correlation, a
sequence was given to calculate Pearson’s linear cor-
relation coefficient (R). This coefficient allows us to
identify the degree of the correlation and the direc-
tion of that correlation (positive or negative)
between two variables of metric scale, assuming a
scale of values between —1 and 1 (Wilks 2011). The
interpretation scale considers positive and negative
values, presented as follows: Values greater than 0.90
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Table 2. Presentation of the mean (MSLP) and ¢ (hPa) of the data set of the months valid for each WS and the
atmospheric reanalysis models

WS ERA-i ERAS Variation
ERA-i ERA5
Site MSLP a MSLP o MSLP a —-WS —-WS
Bellingshausen 990.76 5.28 990.73 5.35 990.89 5.34 -0.03 0.13
Esperanza 989.73 5.71 989.76 992 990.16 5.50 0.03 0.43
Ferraz 991.70 5.29 991.12 5.29 991.70 5.29 -0.58 0.00
Great Wall 990.23 5.41 990.41 5.38 990.62 5.38 0.18 0.39
Jubany 991.08 5.46 990.50 5.44 990.70 5.44 -0.58 -0.38
King Sejong 989.56 5.46 990.82 5.50 991.00 5.50 1.26 1.44
Marambio 989.64 5.81 989.19 5.72 989.35 5.76 -0.45 -0.29
Marsh 990.94 5.37 990.73 5.33 990.90 532 -0.21 -0.04
O’Higgins 989.88 5.43 989.90 5.51 990.32 5.48 0.02 0.44
M 990.39 5.47 990.35 5.45 990.63 5.45 -0.04 0.24

Note: WS = weather station; MSLP = mean sea level pressure; ERA-i = ERA-Interim.

indicate a very strong correlation, 0.70 to 0.89 show
a strong correlation, 0.50 to 0.69 represent a moder-
ate correlation, 0.30 to 0.49 indicate weak correla-
tion, and O to 0.29 show negligible correlation.

The linear trend of the behavior of MSLP and T
over time was also calculated for local observations
and for atmospheric reanalysis models, with the F
test (Hair et al. 1998) being applied concomitantly
to measure the fit of the linear model to the data
set, considering the significance level of 5 percent.
For the F test, the following hypotheses were consid-
ered: (1) accept Hy if p > 0.05; that is, there is no
statistically significant association between the
response variable and the term; and (2) reject Hy if
p < 0.05; that is, it presents a statistically significant
association between the response variable and the
term. In this study, only the linear trends of T (°C
decade™) and MSLP (hPa decade™") are presented
for the equations that showed a statistically signifi-
cant association between the variables.

Results
Mean Sea Level Pressure

For this analysis, MSLP means and standard devi-
ation (¢) of local observations and ERA-i and
ERA5 reanalysis models were first calculated
within the monthly data set valid for each weather
station (Table 2). In these results, average varia-
tion between the reanalysis models and local
observations of nine weather stations found were

an underestimation of —0.04 hPa by ERA-i and an
overestimation of 0.24hPa by ERAS5. These
responses show that the ERA-i presents an estima-
tion of MSLP values closer to local observations.

Among the stations used in this analysis, King
Sejong presented the greatest divergence in the com-
parison between the data provided by the models
and that of the weather station (1.26 hPa for ERA-i
and 1.44hPa for ERA5). Only at Ferraz, Jubany,
Marambio, and Marsh stations did we find that
ERA5 showed superiority over ERA-i through the
reduction in variation average between reanalysis
data and local observations. For standard deviation
average, both models showed the same value (¢ =
5.45hPa), showing a higher degree of adherence
between data than that obtained by weather stations
(¢ = 5.47hPa).

Pearson’s linear correlation coefficients (Table 3)
indicated very strong correlations for ERA-i (R =
0.96) and ERA5 (R = 0.95) in nine weather sta-
tions; however, only Esperanza was found to have a
strong correlation for ERA-i (R=0.86) and ERA5
(R=0.85). In assessing the performance of the rean-
alysis models using NBIAS, NMAE, and NRMSE,
both presented satisfactory performance for all
weather stations, with values below 0.01 percent of
these indicators.

Evaluating the statistical significance through the
F test for the equations of the linear trends of
MSLP in the weather stations, considering the local
observations and the atmospheric reanalysis models

ERA-i and ERAS5, it was found that only the local

65



1152 Hillebrand et al.

Table 3. Pearson’s linear correlation between the annual
mean sea level pressure averages of WS in relation to the
ERA-i and ERA5 atmospheric reanalysis models

Site ERA-i-WS ERA5-WS
Bellingshausen 0.98 0.97
Esperanza 0.86 0.85
Ferraz 0.99 0.99
Great Wall 0.98 0.98
Jubany 0.97 0.95
King Sejong 0.93 0.91
Marambio 0.98 0.98
Marsh 0.94 0.93
O'Higgins 0.98 0.96
M 0.96 0.95

Note: WS = weather station.

observations of three stations are statistically signifi-
cant, considering o =0.05. The stations
Bellingshausen, Jubany, and Marsh presented the fol-
lowing values of significance (p value): 0.02, 0.04,
and 0, respectively. Applying the equations, there is
a negative linear trend in the behavior of MSLP
over time (hPa decade™') with the following results:
Bellingshausen (~0.56), Jubany (-0.80), and Marsh
(-0.79). Figure 2 shows the average annual behavior
of the MSLP of the local observations and of the
ERA-i and ERA5 models in the weather stations of
the study site.

Air Temperature

When assessing the difference in T between all
weather stations and atmospheric reanalysis models,
it can be seen in Table 4 that the largest differences
in T in relation to the ERA-i model are concen-
trated in the months of March, April, and May (AT
= 0.57°C) and June, July, and August (AT =
0.78°C). For ERA5, the biggest differences were
concentrated in the months of December, January,
and February (AT = -0.68°C) and September,
October, and November (AT = —0.37°C).

Table 5 presents annual average temperature data
and their respective standard deviations, confirming
that ERA-i (¢ = 3.33°C) and ERA5 (G = 3.44°C)
have a higher degree of adherence between their
data in relation local observations (¢ = 3.69°C).
Table 6 shows Pearson’s linear correlation coeffi-
cients for T, highlighting that both atmospheric
reanalysis models presented very strong correlations
(R = 0.95) in the study region, a result similar to
that found for MSLP. The Marambio station, located

at a higher altitude (198 m) in relation to others sta-
tions, showed a strong correlation for ERA-i
(R=0.85) and ERA5 (R=0.89) and the largest
standard deviations for data analyzed from WS
(6=5.88°C), ERA-i (6=4.82°C), and
ERAS5 (6 =4.89°C).

When calculating indicators NBIAS, NMAE,
and NRMSE, we identified that ERA-i (-0.12, 0.30,
and 0.44, respectively) performed better compared to
ERAS5 (0.26, 0.40, and 0.58, respectively) in regional
study; however, Bellingshausen, Great Wall,
Marambio, and Marsh stations found NBIAS,
NMAE, and NRMSE values that highlight the supe-
riority of ERA5 in relation to ERA-i according to
results presented in Table 7.

Evaluating the statistical significance by means of
the F test for the linear trend equations of T in the
weather stations, considering the local observations and
the atmospheric reanalysis models ERA-i and ERAS5, it
was found that only the local observations of the
Esperanza station are statistically significant at the level
o=0.05, presenting a p value = 0.04. Applying the
equation, a positive linear trend in T at 0.31°C deca-
de™! is found. Figure 3 presents the average annual T
behavior of local observations and the ERA-i and
ERA5 models at weather stations in the study region.

Discussion

Analyses comparing weather station observations
and atmospheric reanalysis models have already been
carried out in polar regions in other studies. Jones
and Lister (2015), when evaluating T between 1979
and 2013 in Antarctica, found a strong correlation
(R=0.88) between ERA-i and local observations.
Our work found for the north region of the
Antarctic Peninsula very strong correlations between
T observations from weather stations and ERA-i (R
= 0.95) and ERA5 (R = 0.95) reanalysis models;
however, Tetzner, Thomas, and Allen (2019) found
that for automatic weather stations installed in the
southern portion of the Antarctic Peninsula higher
coefficients of R for T of ERA5 compared to ERA-i,
accompanied by a reduction in RMSE. A similar per-
formance evaluation of atmospheric reanalysis mod-
els ERA5, ERA-i, JRA-55, CFSRv2, and MERRA-2
for T was also performed in the Arctic using radio-
sondes, indicating superiority of ERA5, because it
presented a very strong linear correlation (R =0.98)
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Figure 2. Variations in annual mean values of mean sea level pressure (in hPa) between local data collected from the weather stations

in the Antarctic Peninsula and the atmospheric reanalysis models ERA-i and ERA5. ERA-i = ERA-Interim.
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Table 4. Temperature (°C) differences between WS and
atmospheric reanalysis models

ERA-i-WS ERA5-WS
Site DJF MAM JJA SON DJF MAM JJA SON

Bellingshausen 0.25 047 0.71 0.64-0.41 0.10 0.50 0.20
Esperanza -093 091 1.29-0.18-1.08 -0.43 -0.14 -0.75
Ferraz -0.40 0.08 0.59 0.02-1.40 -0.79 -0.33 -0.79
Great Wall 0.08 041 0.75 0.53-0.58 0.09 0.54 0.11

Jubany ~034 020 0.53-0.11-1.24 -0.62 —0.35 —0.84
King Sejong -0.06 0.24 040 0.08-0.72 -0.16 0.11 -0.40
Marambio 122 310 3.02 139 033 155 2.00 030
Marsh 038 050 0.64 0.63-0.11 -0.12 -0.12 0.18
OHiggins ~ —0.31 —0.80 —0.87 —0.36 -0.94 -2.34 —2.35 —1.32
M -001 057 0.78 0.29-0.68 -0.30 -0.02 -0.37

Note: WS = weather station; DJF = December—January-February; MAM =
March-April-May; JJA = June-July-August; SON = September—
October— November.

and reduced RMSE compared to local weather obser-

vations (Graham, Hudson, and Maturilli 2019).
Statistical analyses comparing MSLP data between

ERA-i and weather stations were carried out

Hillebrand et al.

Table 5. Presentation of the mean (T) and ¢ (°C) of the
data set for the months valid for each WS and the
atmospheric reanalysis models

WS ERA-i ERA5 Variation
- - - ERA-i ERA5
Site T o T o T o -WS -WS

Bellingshausen -2.17 3.12 -1.66 2.94 -2.07 2.82 0.51 0.1

Esperanza —4.72 494 —4.83 3.91 -5.31 4.45 -0.11 -0.59
Ferraz -1.48 3.31 -1.40 2.88 -2.31 2.95 0.08 -0.83
Great Wall ~ -2.14 3.19 -1.69 2.94 -2.10 2.84 045 0.04
Jubany -1.65 3.23 -1.58 2.86 -2.41 2.96 0.07 -0.76
King Sejong  -1.86 3.15 -1.69 2.96 -2.14 2.90 0.17 -0.28
Marambio -8.18 5.88 -6.01 4.82 -7.14 4.89 2.17 1.04
Marsh -2.20 3.02 -1.65 2.94 -2.22 3.12 0.55 -0.02
O’'Higgins -3.55 3.37 -4.13 3.71 -5.27 4.07 -0.58 -1.72

M -3.11 3.69 -2.74 3.33 -3.44 3.44 037
Note: WS = weather station; ERA-i = ERA-Interim.

—0.34

Table 6. Pearson’s linear correlation between annual T
averages of weather stations in relation to the ERA-i and
ERAS5 atmospheric reanalysis models

between 1979 and 2008 in Antarctica (Bracegirdle Site ERA-i-WS ERA5-WS
gnd h/éars%aélS 20(1)2), shown;\g r;l v?ry sctlr(?ng hcorrel(zjl— Bellingshausen 0.98 0.96
tion (R >0.98). Our research also found in the study Béjestinsi 0.92 0.96
site a very strong correlation for ERA-i (R = 0.96) Berraz 0.97 0.94
and ERA5 (R = 0.95) considering the period from Great Wall 0.98 0.97
1979 to 2018. Jubany 0.97 0.97
The differences in T and MSLP found between King Sejong 0.97 0.94
. . . Marambio 0.85 0.89
atmospheric reanalysis models and local observations Massh 0.96 0.93
can be influenced by several factors (Xie et al. OHligging 0.96 0.96
2014). Observational data refer to specific points, M 0.95 0.95
whereas reanalySis shows the average value over a Note: ERA-i = ERA-Interim; WS = weather station.
Table 7. Normalized bias (NBIAS), normalized mean absolute error (NMAE), and normalized root
mean square error (NRMSE) analyses between temperature parameters obtained from WS and
atmospheric reanalysis models
ERA-i-WS ERA5-WS
NBIAS NMAE NRMSE NBIAS NMAE NRMSE
Site (%) (%) (%) (%) (%) (%)
Bellingshausen -0.26 0.28 0.35 -0.04 0.23 0.29
Esperanza -0.05 0.26 0.32 0.14 0.21 0.26
Ferraz -0.04 0.53 1.08 0.89 0.96 1.59
Great Wall -0.24 0.26 0.34 —0.01 0.25 0.34
Jubany 0.00 0.35 0.54 0.68 0.71 1.07
King Sejong -0.10 0.21 0.33 0.25 0.37 0.52
Marambio -0.26 0.28 0.35 -0.12 0.17 0.22
Marsh -0.27 0.29 0.35 0.03 0.22 031
O'Higgins 0.17 0.20 0.26 0.51 0.51 0.59
M -0.12 0.30 0.44 0.26 0.40 0.58
Note: WS = weather station; ERA-i = ERA-Interim.



Comparison between Atmospheric Reanalysis Models ERA5 and ERA-Interim 1155
Bellingshausen King Sejong
0 0
y =0,0094x - 20,978 y =-0,0041x + 6,3765
1 | 1
-2
...... -
3
- 3

-5
1976 1980 1985 1990 1995 2000 2005 2010 2015 2020
—Insitu ——ERA-Interim ——ERAS e Linear (In situ)

Esperanza

y =0,0306x - 65,826

-10
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
—Insitu ——ERA-Interim ——ERAS -~

- Linear (In situ)

Ferraz

y =0,0463x - 94,07

/A

1992 1994 1996 1998 2000 2002 2004 2006
——Insitu ——ERA-Interim ——ERA5 Linear (In situ)

Great Wall

y =0,004x - 10,169

1980 1985 1990 1995 2000 2005 2010 2015 2020
—Insitu ——ERA-Interim ——ERAS5 - Linear (In situ)

Jubany

-5
1985 1990 1995 2000 2005 2010 2015 2020
——Insitu =——ERA-Interim ~———ERAS s Linear (In situ)

-4
1985 1990 1995 2000 2005 2010 2015 2020

——Insitu ——ERA-Interim ——ERAS e Linear (In situ)
Marambio
-2
y=0,0217x-515
-4

. VAN

V

-1
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
—Insitu ——ERA-Interim ——ERA5 ‘o Linear (In situ)

y =-0,0028x + 3,3531

-5
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

——Insitu ——ERA-Interim ——ERAS  «...... Linear (In situ)

O'Higgins

y=0,0134x - 30,309

-8
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
—Insitu ——ERA-Interim ——ERA5 -

- Linear (In situ)

Figure 3. Variations of the annual averages of temperature (°C) between the local data collected from the weather stations located in
the Antarctic Peninsula and the atmospheric reanalysis models ERA-i and ERA5. ERA-i = ERA-Interim.
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grid cell. There are also significant differences in the
temporal coverage of the data: Whereas ERA-i refers
to the average of values every six hours, ERA5 refers
to each hour. In addition, the orography of coastal
regions where weather stations are installed can influ-
ence the accuracy of atmospheric reanalysis models.
Tetzner, Thomas, and Allen (2019) reported the
impact of orography on the performance of ERA5,
finding better results in areas with higher altitude.

When analyzing the linear trend of T of the
observations in the weather stations, for the period
from 1979 to 2018, a warming of 0.31°C decade ' is
observed for the Esperanza station. Between the years
1970 and 2000 a warming of 0.40°C decade™! was
identified in the Antarctic Peninsula; however, when
analyzing the interval between 2000 and 2016, a cool-
ing of —0.67°C decade ™! was detected (Gonzalez and
Fortuny 2018). This recently observed signal change is
highly sensitive when analyzed in a short period of
time and therefore cannot be treated as a robust
change in temperature evolution. The main variability
is found in the autumn and winter months (Nicolas
and Bromwich 2014; Gonzalez and Fortuny 2018).

Our research also analyzed the MSLP trend from
1979 to 2018 in local observations of weather sta-
tions, noting a reduction in MSLP between —0.56
(Bellingshausen station) and —0.80hPa decade ™
(Jubany station). Reductions in MSLP were also
observed at the Arctowski weather station (62.16° S,
58.47° W), where average annual values of
991.5hPa were found during 1977 to 1998 and
declined to 989.9hPa between 2013 and 2017
(Plenzler et al. 2019). At the Bellingshausen weather
station, Kejna, Arazny, and Sobota (2013) reported
a decrease in MSLP by —0.36hPa decade " in the
period from 1948 to 2011. This reduction induces a
greater occurrence and intensity of the winds from
the west, raising the T in the region, consequently
affecting the Antarctic environment with the accel-
eration of the melting processes of the sea and conti-
nental ice masses, combined with the change in the
frequency of rainfall precipitation in the study region
(Turner and Colwell 1995; Cook et al. 2005).

The trends observed for T and MSLP might be
related to predominantly positive phases of SAM in
the analyzed period (Turner et al. 2020). In addi-
tion, a pressure center at sea level located between
latitudes 60° and 70° S, called Amundsen Sea Low,
causes anomalies in the meridional component of
the wind, which in turn alters the concentration of

sea ice and the heat flow from the ocean (Fogt et al.
2012; Hosking et al. 2013; Turner et al. 2016).

Conclusions

The statistical results obtained by comparing
meteorological variables T and MSLP of local obser-
vations in relation to atmospheric reanalysis models
ERA5 and ERA-i indicated that both models present
satisfactory results for the northern region of the
Antarctic Peninsula. Checking the difference in T
between weather stations and reanalysis models, we
found a better result for ERA5 (AT = —0.34°C)
compared to ERA-i (AT = 0.37°C); however, for
the difference in MSLP the ERA-i (AMSLP =
—0.04 hPa) presented a better response in relation to
ERA5 (AMSLP = 0.24hPa).

For T, ERA-i resulted in indicators NBIAS,
NMAE, and NRMSE superior in relation to ERAS5,
but R presented very strong correlations for both
models. When evaluating the MSLP, both atmo-
spheric reanalysis models showed satisfactory results
in the indicators NBIAS, NMAE, and NRMSE,
with values below 0.01 percent, accompanied by a
very strong correlation of data from the reanalysis
models with local observations.

Analyzing the trend of T and MSLP from the sta-
tistically significant local observations, an increase
in T of 0.31°C decade™! (Esperanza station) and a
reduction of MSLP between —0.56 (Bellingshausen
station) to —0.80hPa decade™! (Jubany station)
were found.
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2.3.3 Artigo 3 — Influéncia das fases do SAM na distribuicdo espacial do gelo marinho

na regido norte da Peninsula Antartica
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Resumo:

O gelo marinho tem um papel importante no sistema climatico global por meio da

Recebido (Received): o =

05/09/2020 regulagdo do transporte e trocas de calor entre o oceano ¢ a atmosfera, formacéo
Aceito (Accepted): de massas d’agua e circulagdio oceanica, e contribui também para o retorno da
12/11/2020 radiag@o solar incidente na superficie terrestre. Porém, as variaveis térmicas e

mecanicas associadas as diferentes fases de Southern Annular Mode (SAM) podem
afetar o equilibrio do sistema oceano-atmosfera. Este trabalho tem por objetivo
avaliar como as variaveis meteorologicas influenciam na concentragao do gelo
marinho na regido oceénica situada a norte da Peninsula Antartica durante as
diferentes fases do SAM, entre os invernos austrais de 1979 e 2018. Para tal, foram
Keywords: consideradas as variaveis meteorologicas temperatura do ar a 2 m, temperatura da
Sea Ice Concentration; Passive  superficie do mar, pressdo ao nivel médio do mar, precipitacdo total, velocidade
Sensor; Weather Variables. do vento, componente zonal do vento a 10 m e componente meridional do vento

a 10 m. Foi constatado que, independentemente da fase do SAM, a temperatura
do ar a 2 m apresentou uma forte correlagao negativa (R de -0,74 a -0,81) e a temperatura da superficie do mar uma
moderada correlagdo negativa (R de -0,62 a -0,67). Também foi identificada uma tendéncia linear decrescente na

Palavras-chave:
Concentra¢do do Gelo Marinho;
Sensor Passivo; Variaveis Meteo-
rologicas.

area de gelo marinho, com a magnitude das anomalias da concentragdo do gelo marinho nas diferentes fases do
SAM associadas a magnitude da concentragido média histérica.

Abstract:

Sea ice has an important function in the global climatic system by means of the regulation of the transportation
and exchange of heat between ocean and atmosphere, the formation of water bodies and ocean circulation. It also
contributes to solar radiation backscattering on the surface of the Earth. However, the thermal and mechanical
variables associated with the different Southern Annular Mode (SAM) phases may aflect the ocean-atmosphere
system. The objective of the present study is to evaluate in what ways the weather variables influence the sea ice
concentration in the ocean region located in the north side of the Antarctic Peninsula during the different SAM
phases, between the austral winters of 1979 and 2018. For this purpose, weather variables such as air temperature
at 2 m, sea surface temperature, mean sea level pressure, total precipitation, wind speed, zonal wind component
at 10 m and meridional wind component at 10 m were considered. It was found that, independently of the SAM
phase, the air temperature at 2 m showed a strong negative correlation (R from -0.74 to -0.81) and sea surface
temperature presented a moderate negative correlation (R from -0.62 to -0.67). It was also possible to identify a
decreasing linear trend in the sea ice area with the magnitude of anomalies of sea ice concentration in the different
SAM phases associated with the magnitude of average historical concentration.

1. Introducdo O gelo marinho no entorno da Antértica desempe-
nha um papel crucial na modulago de ecossistemas e do
clima (ABRAM et al., 2010), e a variabilidade sazonal
e interanual afeta muitos niveis do ecossistema marinho
antartico (DUCKLOW et al., 2007; STAMMERJOHN
et al., 2008). Ao formar uma capa isolante de albedo
elevado na superficie do oceano, o gelo marinho e sua
cobertura de neve modulam sazonalmente as trocas de
calor, gases e momento entre o oceano de alta latitude
e a atmosfera, e também o radiativo, e propriedades
termodinamicas da superficie (MASSOM e STAM-
MERJOHN, 2010).

Devido a sua alta sensibilidade as mudangas cli-
maticas, a criosfera ¢ um ambiente considerado como
indicador natural das alteracdes meteorologicas. Desde o
final do século XIX, a temperatura média combinada da
superficie terrestre e oceanica aumentou aproximadamen-
te 0,85°C (HARTMAN et al., 2013). Como consequéncia
disso, a extensdo do gelo marinho no Artico diminuiu
5,2% década (Li et al., 2020), o que difere fortemente da
Antartica, onde a area de gelo marinho vem aumentando
desde 1985 a uma taxa estatisticamente significante de
1,9 + 1,3% década’ (TURNER et al., 2009).
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Estudos anteriores mostram que seu comporta-
mento ¢ fortemente influenciado tanto pela perda de
massa com o derretimento das geleiras e plataformas
de gelo (PRICE, HEYWOOD e NICHOLLS, 2008; JA-
COBSetal.,2011; BINTANJA et al., 2013) quanto pela
variabilidade atmosférica, como a atuagdo do Southern
Annular Mode (SAM) (THOMPSON ¢ SOLOMON,
2002; ZHANG, 2007; GOOSSE et al., 2009).

No Oceano Austral observa-se desde a década de
1980 uma tendéncia predominantemente positiva do
indice SAM. O SAM ¢ um modo de variabilidade na cir-
culacdo atmosférica extratropical e das altas latitudes do
Hemisfério Sul, que afeta as condi¢des de tempo e clima
de regides remotas (THOMPSON e WALLACE, 2000;
MARSHALL, 2003), agindo na diferenca de Pressdo
ao Nivel Médio do Mar (PNMM) entre as latitudes 40°
e 65°S (GONG e WANG, 1998). Conforme Meredith
et al. (2017), dados coletados durante um evento SAM
positivo muito forte, que também coincidiu com um forte
evento La Nifa, indicaram que anomalias de vento na
Peninsula Antértica Ocidental levaram a movimentos de
gelo marinho para o sul, reduzindo as porcentagens de
derretimento do gelo marinho e elevando a ocorréncia de
concentracdes de agua doce nas proximidades da costa.
Porém, dentre os setores do Oceano Austral destaca-se o
mar de Bellingshausen e a regido oeste do mar de Weddell
onde se apresentam correlagdes negativas significativas
entre 0 aumento da extensao de gelo e a polaridade positiva
do SAM (PEZZA et al., 2012).

A regido da Peninsula Antartica (PA) ¢ uma das
mais sensiveis as variagdes do clima e tem apresentado
significante tendéncia de aquecimento da temperatura
superficial (TURNER et al., 2009). Nesta regido o
aumento no indice SAM induz um fluxo mais forte
de ar relativamente quente de origem oceanica em sua
direcdo pela face oeste, forgando-o a transpor a cadeia
de montanhas e levando a um aquecimento acentuado
na parte leste da peninsula (MARSHALL et al., 2006).
Entre 2016 e 2017 foi constatada uma das menores
extensdes do gelo marinho no mar de Weddell, na
Antartica. Este fato proporcionou o aquecimento do
mar na regidio e ocasionou um retardo na formacao
do gelo nos invernos subsequentes (TURNER et al.,
2020). Além disso, essas alteragdes resultaram na
desintegracao das plataformas de gelo, desprendi-
mentos frequentes de icebergs, mudangas no padrao
de precipitacdo e redu¢do do gelo marinho sazonal

em diversos setores da PA (ARIGONY-NETO et al.,
2014), bem como o recuo acentuado das frentes das
geleiras (ROSA et al., 2015; IDALINO et al., 2018;
GONCALVES et al., 2019).

Hillebrand et al. (2020) apresentaram uma ampla
revisdo bibliografica sobre as principais variaveis me-
teorologicas que afetam na formagédo do gelo marinho
na Antartica e aponta para os seguintes fatores: Tempe-
ratura do ar a 2 metros da superficie (T2m), Temperatura
da Superficie do Mar (TSM), Pressao ao Nivel Médio
do Mar (PNMM), Precipitag@o Total (PT), Velocidade
do vento (Vel), componente zonal e meridional do vento
a 10 metros (U10m e V10m, respectivamente). Deste
modo, o objetivo desta pesquisa ¢ avaliar quais destas
variaveis meteorologicas tem maior influéncia na con-
centrag@o do gelo marinho na regido oceanica situada a
norte da PA, durante as diferentes fases do SAM, entre
os invernos austrais de 1979 e 2018.

2. Material e métodos
2.1 Area de estudo

Para este estudo a regido oceanica a norte da PA
foi delimitada em setores conforme a convencao da
Commission for the Conservation of Antarctic Marine
Living Resources (CCAMLR), utilizando as seguin-
tes denominagdes (Figura 1): Antarctic Peninsula
Bransfield Strait West (APBSE), Antarctic Peninsula
Bransfield Strait East (APBSW), Antarctic Peninsula
Drake Passage West (APDPW) e Antarctic Peninsula
West (APW). A CCAMLR estabelece as delimita¢des
das regides oceanicas que circundam o Continente
Antartico (45° e 60°S aproximadamente) para o acom-
panhamento da evolug@o dos recursos vivos marinhos
como populagdes de peixes, moluscos, crustaceos, aves
e demais espécies de organismos vivos encontradas.
Nesta regido € importante acompanhar as mudangas
das condigdes ambientais relacionadas ao gelo, uma
vez que as algas ¢ a biota associadas ao gelo marinho
sao importantes fontes de alimento nas fases juvenis do
krill (Euphausia sp.), consumidor primario da cadeia
alimentar (LOEB e SANTORA, 2015; KOHLBACH
etal., 2017, SCHAAFSMA et al., 2017)

Devido a identificagdo de duas origens distintas
no aporte de gelo marinho (mar de Bellingshausen nas
regides APDPW e APW, e mar de Weddell nas regides
APBSW e APBSE), as analises consideraram esta di-
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visdo. Podemos destacar que no Continente Antartico
durante o verdo e o outono austral, as maiores tendéncias
positivas encontram-se no mar de Weddell e negativas
nos mares de Amundsen e Bellingshausen, destacando
este comportamento bipolar (HOLLAND, 2014). A

Figura 2 apresenta as divisdes propostas do Oceano
Austral para analises do gelo marinho na Antartica (PA-
RKINSON, 2019; PARKINSON e CAVALIERI, 2012;
ZWALLY et al., 2002) que reforgam estas subdivisdes
das regides oceanicas citadas.
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Figura 1 — Localizagdo da regido de estudo.
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Figura 2 — Divisdes do Oceano Austral para andlises do gelo marinho na Antdrtica.
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A caracterizagdo geomorfoldgica da PA ¢ desta-
cada com uma cadeia de montanhas ininterruptas de
elevagdo acentuada com uma média de 2.800 m de
altitude, onde 62% das geleiras (282.330,22 km?) sdo de
descarga, ou seja, drenam suas massas principalmente
do platd coberto de gelo, ou campo de gelo ou calota
de gelo, para o oceano ou para uma plataforma de gelo,
tanto para o lado oeste e leste da PA (SILVA ez al.,2019).
Este relevo acidentado forma uma barreira climatica
distinta, onde na regido oeste e central encontramos um
clima maritimo dominado pelo mar de Bellingshausen
e a costa leste tem um clima continental dominado pelo
mar de Weddell (MARTIN e PEEL, 1978).

2.2 Dados meteorologicos

Para avaliar a correlagdo das mudangas climaticas
na distribui¢do espago-temporal da concentracdo do
gelo marinho na regido de estudo, foram utilizados da-
dos dos meses que compdem o inverno austral (junho,
julho e agosto) dos parametros meteorologicos T2m,
TSM, PT, PNMM, Vel, componentes e6licas UlOm e
V10m. Os valores mensais destas variaveis sdo prove-
nientes do modelo de reanélise atmosférica European
Reanalysis Agency (ERAS) obtidos por meio da ex-
tracdo dos valores dos pixels sobre a superficie (nivel
unico) dos arquivos em formato Network Common
Data Form (NetCDF) na resolugdo espacial nominal
de 0,25°%.0,25°%

2.3 Dados da concentra¢io de gelo marinho

A concentracao do gelo marinho mensal foi obti-

da através do banco de dados Climate Data Record of

Passive Microwave Sea Ice Concentration localizada no
sitio da National Snow & Ice Data Center (NSIDC). Es-
tas informacdes sdo provenientes dos sensores remotos
passivos Scanning Multichannel Microwave Radiometer
(SMMR), Special Sensor Microwave Imager (SSM/IT)
e Special Sensor Microwave Imager/Sounder (SSMIS)
que utilizam o algoritmo Climate Data Record (CDR).
Este algoritmo combina a estimativa da concentragido
de gelo marinho realizada por meio da temperatura de
brilho em diferentes canais e polariza¢des de dois outros
algoritmos (MEIER et al., 2017): o algoritmo NASA
Team (NT) (CAVALIERI et al., 1984) e o algoritmo
Bootstrap (BT) (COMISO, 1986). A resolucao espacial
nominal destes dados sdo 0,25° x 0,25°.

Informacdes referentes a concentrag@o de gelo
marinho sdo importantes para navegagao, operagdes
offshore, validagao de modelos de gelo e assimilagdo de
dados para modelos, e pesquisas climaticas. A concen-
tragdo pode ser dada como uma relagdo pura (intervalo
de 0—1), sendo 0 para agua aberta ou 1 para gelo, como
também expressa em porcentagem (0% a 100%), sendo
expressa pela Equagdo 1 (KARVONEN, 2017). A Fi-
gura 3 ilustra visualmente as diferentes concentracdes
de gelo marinho.

Aice 1 Aow

Ci = = i
AtOl ( l)

Atnt

sendo, Ci a concentragdo de gelo, 4, a area total, 4,,.a
area da fracdo de gelo dentro da area total, e 4,, a area
da fracdo de agua aberta dentro da éarea total.

2.4 Analises estatisticas

Para realizar o coeficiente de correlagdo linear de
Pearson (R) entre os dados, foi previamente analisada
a normalidade das variaveis por meio do teste Shapiro-
-Wilk. Este teste consiste em uma avaliagdo ndo pa-
ramétrica, ideal para avaliar diferentes distribui¢des e
tamanhos das amostras (SHAPIRO e WILK, 1965). Para
o R foi adotado o nivel de significancia de 5% (p <0,05)
e a escala de interpretac@o considerou valores positivos e
negativos, apresentando a seguinte forma: valores supe-
riores a 0,9 indica uma correlagdo muito forte, 0,7 a 0,89
correlacdo forte, 0,5 a 0,69 correlacdo moderada, 0,3 a
0,49 correlagao fraca e 0 a 0,29 correlagao desprezivel
(WILKS, 2011).

O R entre a concentragdo do gelo marinho em
relagdo as variaveis meteorologicas considerou dados
do inverno austral entre 1979 ¢ 2018 e foram separados
considerando-se as diferentes fases de SAM: anos que
apresentam o SAM positivo (1979, 1982, 1983,1985,
1986, 1987, 1989,1993, 1997, 1998, 1999, 2001, 2003,
2004, 2006, 2008, 2010, 2012, 2014, 2015, 2016 ¢
2017), e anos com 0 SAM negativo (1980, 1981, 1984,
1988, 1990, 1991, 1992, 1994, 1995, 1996, 2000, 2002,
2005, 2007, 2009, 2011, 2013 e 2018). As indexagdes
anuais dos valores de SAM foram obtidas no sitio
eletronico https://legacy.bas.ac.uk/met/gima/sam.html
através da metodologia de Marshall (2003) apresentadas
na Figura 4.
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W

Figura 3 - Visualizagdo das diferentes concentragdes de gelo marinho: A) 10 a 20%, B) 30 a 40%, C) 50 a 60%, D) 70 a 80%, E) 90%, F)

100%. Fonte: University of Alaska Fairbanks (2017)
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Figura 4 — Indexagdo das fases de SAM no inverno austral entre 1979 e 2018.

Além do R, também foi elaborada a série temporal
da area coberta por gelo marinho nas regides de estudo
compreendendo o mesmo periodo para o més de se-
tembro, além de mapas de anomalias (BOMBARDI e
CARVALHO, 2017) da concentragdo de gelo marinho
em diferentes fases de SAM. A avaliacdo da evolugao
do gelo marinho em séries temporais pode ser realizada
por meio do calculo da area ou da extensdo (SHOKR
e SINHA, 2015). A extensdo de gelo ¢ calculada pela
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area integral do pixel da imagem de um sensor remoto
considerando a concentra¢do superior a um valor li-
miar (threshold), sendo normalmente >15% conforme
NSIDC (STROEVE e MEIER, 2018; ZWALLY et al.,
2002). Ja a érea coberta por gelo marinho ¢ definida
pela multiplicacao do percentual da concentragio de
gelo > 15% com a area do pixel (COMISO e NISHIO,
2008). Neste processo os dois parametros supracitados
foram obtidos apenas para o més de setembro, periodo
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no qual ocorre a extensdo maxima de gelo marinho no
ciclo anual.

A tendéncia na evolugdo da area e extensdo (km?
ano™') de gelo marinho na regido de estudo foi obtida
por meio do modelo de regressao linear através de
dados mensais de setembro entre 1979 e 2018. Para
a analise estatistica foi aplicada a Razdo de Magnitu-
de (RM) entre a inclinacdo da reta e o seu respectivo
desvio-padrio (o), exposto na Equagdo 2, obtendo assim
uma indicagao estatistica aproximada (TAYLOR, 1997;
PARKINSON, 2019). Considerando o teste ¢ bicaudal
com 38 graus de liberdade (dois a menos em relagéo ao
numero total de anos analisado) ao nivel de confianca
de 95%, valores de RM superiores 2,024 apresentam
significancia estatistica.

@)

sendo, b ¢ o declive da linha de tendéncia, (N-2) ¢ o
nimero de graus de liberdade, e R? é o coeficiente de
determinacdo da linha de tendéncia.

3. Resultados e discussio

3.1 Correlagio entre a concentracio do gelo marinho e as
varidveis meteorolégicas no inverno austral

Ao avaliar o R entre a concentragdo do gelo mari-
nho e as variaveis meteorologicas nas regides ocednicas
APBSW e APBSE (Tabela 1), observa-se que ambas
as fases do SAM apresentaram a mesma escala de
interpretagdo. A T2m apresentou uma forte correlagao
negativa, a TSM uma moderada correlagdo negativa, a
componente edlica UlOm uma fraca correlagdo nega-
tiva, a componente edlica V10m uma fraca correlagio
positiva e as variaveis meteorologicas PT, PNMM e
Vel apresentaram correlagdes despreziveis em relagdo
a concentrac¢do do gelo marinho.

Para as regides oceanicas APW ¢ APDPW (Tabela
2) também foi detectado que todas as fases do SAM
apresentaram a mesma escala de interpretagdo no R.
A T2m apresentou uma forte correlagdo negativa, a
TSM uma moderada correlagdo negativa, ¢ as variaveis
meteorologicas PT, PNMM, Vel, U10m ¢ V10m apre-
sentaram correlagdes despreziveis com a concentragao
do gelo marinho.

Tabela 1: R entre a concentra¢iio do gelo marinho e as varidveis meteorolégicas entre 1979 e 2018 para as regides
ocednicas APBSW e APBSE nas diferentes fases do SAM durante o inverno austral.

SAM T2m TSM PT PNMM Vel Ul0m V10m
Positivo -0,77 -0,63 -0,12 -0,16 -0,23 -0,30 0,32
Negativo -0,78 -0,62 -0,06 0,00 -0,11 -0,33 0,43

Tabela 2: R entre a concentraciio do gelo marinho e as varidveis meteorolégicas entre 1979 e 2018 para as regides
oceanicas APW ¢ APDPW nas diferentes fases do SAM durante o inverno austral.

SAM T2m TSM PT PNMM Vel Ul0m V10m
Positivo -0,81 -0,61 0,00 -0,07 -0,25 0,11 0,17
Negativo -0,74 -0,67 0,04 0,04 -0,17 0,00 -0,04

As mudangas de temperatura na superficie mos-
tram forte sazonalidade ¢ complexidade, com aumento
de temperatura média anual na PA, principalmente no
setor oeste. Em alguns locais no setor oeste, o aqueci-
mento médio anual é de 0,5°C década™, e, além disso,
a componente meridional do vento (V10m) apresenta
maiores velocidades que o vento zonal (U10m) (CO-

MIN e JUSTINO, 2017). Este comportamento edlico
podera influenciar em maiores valores do R para V10m
em relagdo a U10m na distribui¢io espacial da concen-
tracdo do gelo marinho nas regides oceanicas APBSW
e APBSE. Stammerjohn ef al. (2008) também consta-
taram que a atmosfera na PA responde a variabilidade
do El Niiio-Southern Oscillation (ENSO) e do SAM,
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aumentando a forca dos ventos meridionais para o pe-
riodo entre a primavera e o outono, contribuindo com
um tardio avango do gelo marinho e o recuo mais cedo,
levando a diminuicdo da sazonalidade da extensdo de
gelo marinho.

A forte correlagdo negativa encontrada pela nossa
pesquisa entre a T2m e a concentragdo do gelo marinho
também foi relatada em outros trabalhos. No periodo de
1976 € 1995, Ferron et al. (2001) compararam a série tem-
poral de dados da extensao do gelo marinho na longitude
de 60°W e observaram que as variagdes de temperatura do
ar influenciaram com retardo de um més, apresentando um
R =-0,70 (ao nivel de significancia de 99%). Magalhdes
Neto et al. (2009) encontraram uma correlagdo negativa
entre a extensdo maxima de gelo marinho e 0 SAM (R =
-0,40 a -0,60), com reducédo de 8 a 12% da extensdo de
gelo marinho entre 1979 e 2007 na PA.

Indicativos expressivos demonstram as alteragdes
da T2m na PA. Ferron et al. (2001) constataram na
regido entre 1947 e 1995 que a tendéncia de elevagdo
da temperatura no inverno (0,038°C ano') é superior
se comparado com o verdo (0,016°C ano™'). Comporta-
mento similar foi observado por Wanderley et al. (2016)
em que os maiores acréscimos na temperatura maxima
foram observados para os meses de maio e agosto, com
um aumento de 0,45 e 0,42°C década’!, respectivamente.
Silva et al. (2019) também observaram que a regido da
Antértica que apresenta a maior tendéncia na amplitude
entre a temperatura maxima (0,22 & 0,02°C década') e
minima (-0,57 £ 0,08°C década'!) é a PA para a segunda
metade do século XX.

Outros exemplos de impactos da elevacdo da T2m
podem ser observados na frente da geleira Polar Club,
localizada na Ilha Rei George, PA, por exemplo. Entre
1986 ¢ 2011 houve um recuo progressivo da frente da
geleira representando um incremento de 26,53% na
area livre de gelo, acompanhado com uma tendéncia no
aumento da T2m em 0,04°C ano™ e alteragdes em outras
condi¢des climatologicas, dentre elas a precipitagdo
(POELKING et al., 2014). Esta tendéncia da elevacdo
de T2m pode afetar na aceleragdo do processo de de-
gelo em varias outras geleiras da PA, onde a descarga
da agua doce no oceano pode desempenhar um papel
importante na redugéo dos fluxos de calor e instabilidade
da salinidade, afetando consequentemente na circulagdo
termohalina e formacao do gelo marinho (STOMMEL,
1961). SILVA et al. (2020) apresentaram uma analise

espacial e temporal das mudancas encontradas nas
geleiras da PA, encontrando uma redugio de area em
1.339, 68 km? entre 1991 e 2015, e uma retracdo de
8.741,41 km? na area das plataformas de gelo devido
ao recuo frontal.

Apesar das variaveis meteorologicas PT, PNMM
¢ Vel terem apresentado correlagdes despreziveis em
relacdo a concentrag@o do gelo marinho na regido de
estudo, varios estudos apontam mudangas no padrio
comportamental nos tltimos anos. Na PA a PT mostrou
tendéncia negativa para a maioria dos meses, eviden-
ciando diminui¢@o das chuvas sobre a regido. No en-
tanto, apenas o més de agosto demonstrou decréscimo
para a precipitac@o estatisticamente significativa, com
uma redugdo de 7,42 mm década(WANDERLEY et al.,
2016). Além disto, observa-se nesta regido uma reducéo
da PNMM a uma taxa anual de -0,19 + 0,03 hPa década’!
e uma elevagdo de 0,58 + 0,04 m.s™! década™! na veloci-
dade do vento, atribuindo a maior parte da variabilidade
dessas propriedades aos modos de variabilidade natural
do planeta, em especial SAM e Semi-Annual Oscillation
(SAO) (SILVA et al., 2019).

3.2 Anomalias na distribuicio espacial da concentracio
do gelo marinho em diferentes fases do SAM para o més
de setembro

Ao analisarmos o mapa demonstrando a média
historica entre 1979 e 2018 da concentrag@o do gelo
marinho para o més de setembro (Figura 5), podemos
observar que a regido oceanica APW apresenta as
maiores concentragdes de gelo marinho, e exatamente
nesta regido a fase positiva do SAM apresenta menor
influéncia na reduc@o da concentragdo. Porém, nas re-
gides oceanicas APBSW ¢ APDPW onde se apresentam
as menores médias historicas da concentracdo de gelo
marinho para o més de setembro, se observa as maiores
anomalias da concentracdo de gelo marinho em fases
negativas do SAM.

Este comportamento observado nas anomalias da
concentracdo de gelo marinho em relagdo as diferen-
tes fases de SAM para a regido oceanica da APW foi
também relatada por Carpenedo e Ambrizzi (2016) no
setor dos mares de Bellingshausen-Amundsen, onde
nos eventos extremos de retracdo de gelo marinho ha
um aquecimento da TSM neste setor, o que resulta em
aumento da T2m.
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Figura 5 - Mapa demonstrando a média histérica entre 1979 e 2018 da concentragao do gelo marinho e distribuic¢do espacial das anomalias

na concentragdo do gelo marinho em diferentes fases de SAM para o més de setembro.

A regido oceanica da APBSE ndo apresentou
comportamentos extremos nas diferentes fases do SAM.
Estes eventos mais extremos de retracdo (expansdo) de
gelo marinho no mar de Weddell, monitorados desde
1980 durante os meses de minima ¢ maxima extensao
em fevereiro e setembro, respectivamente, contribuiram
para um enfraquecimento da polaridade positiva (ne-
gativa) do SAM, passando para neutra. Essa relacdo ¢
mais intensa no més de setembro, por ser o periodo em
que o gelo marinho mais impacta a circulagio atmosfé-
rica de grande escala devido a sua posi¢ao em relagio
a zona baroclinica do Hemisfério Sul, localizada em
torno de 60°S (KIDSTON et al., 2011; CARPENEDO
e SILVA, 2019).

O impacto das mudangas climaticas nao ¢ so-
mente observado sobre o gelo marinho do Continente
Antartico. Souza Junior et al. (2016), com base em uma
ampla revisdo bibliografica, destaca que esta acentu-
ada reducdo na extensdo do gelo marinho também ¢é
observada no Artico, ¢ que pode estar associada com o
aumento da concentragdo de CO, (> 400 ppm), o que,
consequentemente, contribui com a elevagido da T2m,
mudangas no balango de energia, aumento das tem-
pestades, mudangas na PT (menor duragdo, extenséo e
volume de neve), aumento da TSM nas bordas do gelo
e mudangas na dindmica oceanica.

3.3 Andlise temporal da drea e extensdo do gelo marinho
entre 1979 ¢ 2018 para o més de setembro

Analisando a evolugdo da area coberta por gelo
marinho com concentragao > 15%, entre 1979 e 2018
para o més de setembro, constatamos uma tendéncia
linear negativa para a regido de estudo, com uma taxa
de-0,08+0,10 x 10° km? ano™ para os setores oceanicos
APBSW ¢ APBSE, ¢ -0,07 + 0,12 x 10° km? ano™! para
APDPW e APW (Figura 6).

Ao avaliarmos a evolucdo da extensdo coberta por
gelo marinho com concentragdo > 15% também entre
1979 e 2018 para o més de setembro (Figura 7), obser-
vamos novamente uma tendéncia linear negativa para as
regidoes APBSW e APBSE comuma taxa de -0,10+0,18
x 10% km? ano™'. Porém, nas regides ocednicas APDPW
e APW observamos uma tendéncia linear positiva em
0,13+0,19 x 10° km? ano™ na extensdo do gelo marinho.

Em diversas regides da Antartica, um mecanismo
alternativo que contribui potencialmente para os au-
mentos observados no gelo marinho envolve o aumento
da perda de massa do manto de gelo, causada pelo
aquecimento do oceano e derretimento da plataforma
de gelo subterranea (BINTANJA et al., 2013). A agua
derretida das plataformas de gelo tem uma densidade
comparativamente baixa e, portanto, se acumula na
camada superior do oceano (PRICE et al., 2008), fa-
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vorecendo a formagdo de gelo marinho. Além disso, a
rejeicdo sazonal da dgua salgada da formacdo de gelo
e os pulsos de agua doce do derretimento das geleiras
sdo fatores determinantes da quantidade de agua doce
do oceano superior e, em certas localizagdes costeiras
da Antartica, a formacédo de agua de fundo da Antartica,
fria e densa, ¢ um condutor crucial da circulagdo global
do oceano (LUBIN e MASSOM, 2006).

As observacdes confirmam que as camadas su-
periores do oceano ficam mais frescas, estabilizando
0 oceano na base desta camada entre 100 a 200 m de
profundidade (HELLMER, 2004; SWINGEDOUW ef¢
al.,2008). Contudo, o setor dos mares de Bellingshau-
sen e Amundsen tem apresentado um comportamento
diferente. Enquanto que outros setores do Oceano Aus-
tral como o mar de Weddell, Oceano Indico, Oceano
Pacifico Oeste e mar de Ross apresentam tendéncia
crescente na extensao coberta por gelo marinho, o setor
dos mares de Bellingshausen e Amundsen apresentam

35
30
25

20

Area com concentragéo 2 15% (10° Km?)

0
1979 1981 1983 1985 1987 1989 1991 1993 1995 1997

e APBSE € APBSW s APW € APDP

tendéncia decrescente na extensdo de gelo marinho
desde 1979 (MARSON et al., 2009; CAVALIERI e
PARKINSON, 2008; PARKINSON, 2019), bem como
um aumento continuo no balan¢o de massa negativo
(RIGNOT et al., 2019). Os resultados obtidos na pre-
sente pesquisa confirmam as tendéncias e revelam que
nas regides oceanicas APDPW e APW, que integram o
setor dos mares de Bellingshausen e Amundsen tem-se
verificado uma tendéncia decrescente continua na area
de gelo marinho.

Apesar do comportamento oposto encontrado
entre a area ¢ extensdo do gelo marinho nas regides
APDPW e APW, a analise estatistica pelo teste 7 bicau-
dal detectou que todas as inclinagdes de reta em todas
as regides ndo apresentaram significancia estatistica ao
nivel de confianca de 95%. A Tabela 3 demonstra uma
sintese das inclina¢des das retas das linhas de tendéncia
com os respectivos desvios-padrdes e a analise estatis-
tica pelo teste ¢ bicaudal utilizando a RM.

y = -0,0667x+ 16,253

y=-0,083x+10,13

1988 2001 2003 2005 2007 2009 2011 2013 2015 2017

Ano

----- Linear (APBSE e APBSW) =« =+« Linear (APW e APDP)

Figura 6 — Série temporal da drea de gelo marinho com concentrag¢do > 15% entre 1979 e 2018 para o més de setembro.

45
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y=-0,106x+ 23,02

0
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----- Linear (APBSE e APBSW)  ++ =+ Linear (APW e APDP)

Figura 7 — Série temporal da extensdo de gelo marinho com concentragdo > 15% entre 1979 e 2018 para o més de setembro.
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Tabela 3: Inclinagdes das retas das linhas de tendéncia com os respectivos desvios—padrdes e a RM para analise estatistica

pelo teste t bicaudal com nivel de confianga de 95%.

Regides APBSW e APBSE Regioes APDPW e APW
Parametro hach Ao
Incllnac;ao. RM Inchna(;ao- RM
(10% km? ano™) (10% km? ano™)
Area -0,08 £0,10 0,83 -0,07 £ 0,12 0,53
Extensdo -0,10+£0,18 0,59 0,13+0,19 0,67

A ocorréncia predominante do SAM na fase
positiva nos tltimos anos esta causando anomalias de
baixa pressao atmosférica nos mares de Bellingshausen
e Amundsen, fazendo com que este setor e o mar de We-
ddell fiquem sujeitos a ventos do quadrante norte (LE-
FEBVRE et al., 2004). Isto possibilita a ocorréncia do
transporte de Ekman que consiste no impulsionamento
da circulagdo ocednica pela transferéncia de momentum
do vento (JAMES, 1989), resultando em forte correntes
meridionais que podem adensar o gelo marinho proxi-
mo ao Continente Antartico (cerca de 65°S) e também
pode aumentar a salinidade da superficie do mar de
Weddell, desestabilizando a coluna de agua que podera
influenciar na formagao de uma camada menos espessa
de gelo marinho (LEFEBVRE e GOOSSE, 2005). Estes
aspectos podem explicar a tendéncia na redugdo da area
de gelo marinho na regido de estudo.

4. Conclusoes

A pesquisa identificou que independente da fase
do SAM (positiva ou negativa), as correlagdes encon-
tradas entre as variaveis meteorologicas T2m, TSM,
PNMM, PT, Vel, UlOm ¢ V10m, ¢ a concentragdo do
gelo marinho para o inverno austral entre 1979 e 2018
ndo apresentaram alteracdo na escala interpretativa.
Destacamos que T2m apresentou uma forte correlagio
negativa (R entre -0,74 a -0,81) e a TSM uma moderada
correlacao negativa (R entre -0,62 a -0,67) na distribui-
¢ao espacial do gelo marinho.

Ao analisar as anomalias da concentragao do gelo
marinho para o més de setembro entre 1979 e 2018,
observamos que a regido oceanica APW apresenta as
maiores concentragdes de gelo marinho, e exatamente
nesta regiao a fase positiva do SAM apresentou uma
menor influéncia na redu¢@o da concentragdo. Ja nas re-
gides oceanicas APBSW e APDPW, onde se apresentam

as menores médias historicas da concentragdo de gelo
marinho, foram visualizados os maiores incrementos
da concentragdo na fase negativa do SAM. Quanto as
implicagdes resultantes desse processo, ainda nao ha
resultados conclusivos sobre a real influéncia do com-
portamento do gelo marinho nessa regido do Oceano
Austral sobre o continente. O aumento do balanco de
massa negativo das geleiras na regido pode ser um
elo entre a baixa concentragdo de gelo marinho de
superficie, seguida pela perturbacdo no equilibrio da
concentrag@o de sal, o que pode explicar o comporta-
mento diferente dessa regido para os demais setores da
Antartica.

Também destacamos que a area coberta por gelo
marinho com concentra¢do > 15% entre 1979 e 2018
para o més de setembro apresentou tendéncia linear
negativa com uma taxa de -0,08 + 0,10 x 10° km? ano*!
para os setores ocednicos APBSW e APBSE, e -0,07
+ 0,12 x 10° km? ano! para APDPW e APW. Porém,
ao analisarmos a extensdo de gelo marinho com con-
centracdo > 15% observamos uma tendéncia linear
negativa para as regides APBSW e APBSE com uma
taxa de -0,10 = 0,18 x 10? km? ano™!' e uma tendéncia
linear positiva em 0,13 + 0,19 x 10* km? ano! para
APDPW e APW. Apesar da extens@o do gelo marinho
ter apresentado comportamentos opostos, as linhas de
tendéncia ndo apresentaram significancia estatistica ao
nivel de confianca de 95% por meio da RM.
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2.3.4 Artigo 4 — Spectral Linear Mixing Model applied to data from passive microwave

radiometers for sea ice mapping in the Antarctic Peninsula

O artigo esta disponibilizado na Geocarto International, p. 1-26, 2021.

Este estudo prop&e o uso do Modelo de Mistura Linear Espectral (MLME) em dados
de radibmetros por micro-ondas passivos para mapear a concentracao e area de gelo
jovem e/ou gelo de primeiro ano na regido oceanica localizada no noroeste da Peninsula
Antértica. Os dados do Synthetic Aperture Radar (SAR) Sentinel-1A foram utilizados para
estimar as imagens-fracdo necessarias para a analise de subpixel dos dados de micro-
ondas passivos adquiridos pelo Scanning Multichannel Microwave Radiometer (SMMR),
Special Sensor Microwave Imager (SSM/l) e o Special Sensor Microwave
Imager/Sounder (SSMIS), nos canais e polarizagbes 19H, 19V, 37H e 37V. As
concentracfes de gelo marinho estimadas pela abordagem do MLME tiveram uma
diferenca de 1,4% (desvio-padrédo de 13,6%, erro quadratico médio de 15,3%) quando
comparadas as concentracdes de gelo marinho mapeadas usando dados de SAR
Sentinel-1A. A evolucdo da area total coberta por gelo jovem e/ou gelo de primeiro ano
com concentragbes = 15% mostraram uma tendéncia linear negativa para a regiao
estudada de 1979-2018.
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ABSTRACT ARTICLE HISTORY
This study proposes the use of a Spectral Linear Mixing Model Received 14 June 2020
(SLMM) on passive microwave data for mapping the concentra- Accepted 8 November 2020

tion and area of young and/or first-year ice in the oceanic region
located in the northwest of the Antarctic Peninsula. Sentinel-1A
Synthetic Aperture Radar (SAR) data were used to estimate frac-
tion images needed for subpixel analysis of passive microwave
data acquired by the Scanning Multichannel Microwave
Radiometer (SMMR), Special Sensor Microwave Imager (SSM/I),
and the Special Sensor Microwave Imager/Sounder (SSMIS) in the
19H, 19V, 37H, and 37V channels and polarizations. Sea ice con-
centrations estimated by the SLMM approach had a difference of
1.4% (13.6% standard deviation, 15.3% root mean square error)
when compared to sea ice concentrations mapped using
Sentinel-1A SAR data. The evolution in the total area covered by
young and/or first-year ice with concentrations > 15% showed a
negative linear trend for the studied region from 1979 to 2018.

KEYWORDS

Remote sensing; sea ice
concentration; sea ice area;
brightness temperature

1. Introduction

Passive microwave remote sensing was applied to measure the concentration, area, and
extent of sea ice. The typologies of first-and multi-year ice are the most commonly used,
because this type of sensor only regards the delimitation of melting sea ice and marginal
ice zones, where the new ice tends to be underestimated due to its thinness (Grenfell
et al. 1988; Meier et al. 2017a).
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The frequency channels 6.63-89 GHz of the passive sensors allow the recovery of
brightness temperature (Ty) of sea and ice surface without the ambiguities associated with
surface and atmospheric temperature effects (Comiso 2009). Moreover, Ty, emitted by sea
ice contrasts with open water between the intervals of 19-37 GHz (because the latter is
more polarized) permitting a delineation of the ice margin (Meier and Markus 2015).

The National Snow and Ice Data Center (NSIDC) provides sea ice concentration data
by virtue of the Scanning Multichannel Microwave Radiometer (SMMR), the Special
Sensor Microwave Imager (SSM/I), and Special Sensor Microwave Imager/Sounder
(SSMIS) data, utilizing the Climate Data Record (CDR) algorithm (Meier et al. 2017b),
which estimates the concentration of sea ice using a combination of two other algorithms:
NASA Team-NT (Cavalieri et al. 1984) and Bootstrap (Comiso 1986). These algorithms
require T, reference values that characterize the spectral behavior of ice or open water,
allowing for the estimation of sea ice concentration (Cavalieri et al. 1991, 2012; Ivanova
et al. 2015; Meier and Stewart 2020). A comparison of NT and other remote sources for
the definition of sea ice concentration performed by Comiso et al. (1997) reported mean
discrepancies of 8.2% when related to optical images from Landsat, which may reach 35%
when compared to other algorithms that use the T, of SSM/I sensors for recovering sea
ice concentration data (Burns 1993). Additionally, the effects associated with snow cover
on sea ice may cause problems calculating low sea ice concentrations (Markus and
Cavalieri 2000). Eisenman et al. (2014) reported problems with the Bootstrap algorithm
(Version 2), producing trends substantially superior than in the previous version, which
may be related to intercalibration in sensor transition (SSM/I of F8 satellite for SSM/I of
F11 satellite) from 1991, causing an overestimation in sea ice extent trend in the Southern
Ocean from 1979-2012 by 16.5 x 10* and 5.6 x 10°km? year ' for Version 2 and Version
1, respectively.

Sea ice extent and duration data obtained by averages of the SMMR, SSM/I, and
SSMIS passive sensors were used to evaluate climate change impacts in Antarctica (Jacobs
and Comiso 1997; Harangozo 2006; Holland et al. 2010; Holland 2014). However,
Lefebvre and Goosse (2008) highlighted the importance of regionalized studies, because
regional atmospheric variabilities do not explain the behavior of sea ice extent in the
entire Southern Ocean.

The present research presents a subpixel analysis method for assessing surface coverage
classes in remote sensor images using the Spectral Linear Mixing Model (SLMM) (Adams
et al. 1986; Shimabukuro and Smith 1991) to obtain T, reference values of the pure com-
ponents of open water and/or new ice and young and/or first-year ice in the ocean region
located northwest of the Antarctic Peninsula generated from the images of multiresolution
remote sensors. Consecutively, a fraction image of these pure components for a set of
SMMR, SSM/I, and SSMIS sensor data between and 1979-2018 from May to November
is generated.

2. Studied area and data
2.1. Studied area

The sea region located northwest of the Antarctic Peninsula is a highly productive ecosys-
tem that sustains marine populations with abundance and geographic distribution cur-
rently being affected by changes in sea ice conditions and atmospheric warming (Clarke
et al. 2007; Montes-Hugo et al. 2009; Moffat and Meredith 2018). In the continental
region of the Antarctic Peninsula, an uninterrupted mountain range with altitudes from
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Figure 1. Location of oceanic sectors in the northwest of the Antarctic Peninsula, according to the division defined
by the CCAMLR convention.

1,400-2,000 m forms a distinct climate barrier (Schwerdtfeger 1984). The west and central
regions feature a maritime climate dominated by the Bellingshausen Sea, and the east
coast has a continental climate dominated by the Weddell Sea (Martin and Peel 1978).

Furthermore, the Southern Annular Mode (SAM) index defined as a mode of atmos-
pheric variability by the difference in atmospheric pressure normalized to mean sea level
from latitudes 40-65°S has predominantly trended positive since the 1980s (Gong and
Wang 1998). Significant negative correlations in the Bellingshausen Sea and in the western
region of the Weddell Sea exist between the increase in ice extent and the positive polarity
of SAM (Pezza et al. 2012). In the Antarctic Peninsula, the increase in the SAM index
induces a stronger flow of relatively warm air of oceanic origin towards the west side,
forcing it to cross the mountain range and leading to noticeable warming in the eastern
part of the peninsula (Marshall et al. 2006). This phenomenon can cause a sharp warming
over this region of the Antarctic continent.

To develop this study, the oceanic region to the northwest of the Antarctic Peninsula
was divided into sectors according to the Commission for the Conservation of Antarctic
Marine Living Resources (CCAMLR) convention, using the following denominations
(Figure 1): Antarctic Peninsula Bransfield Strait West (APBSW), Antarctic Peninsula
Bransfield Strait East (APBSE), Antarctic Peninsula Drake Passage West (APDPW), and
the Antarctic Peninsula West (APW). CCAMLR establishes the boundaries of the ocean
regions that surround the Antarctic continent (approximately 45°S and 60°S) to monitor
the evolution of living marine resources, such as fish, mollusks, crustaceans, bird
populations, and all other species of known living organisms. These sub-areas are called
small-scale management units (SSMUs), defining a geographic space for the systematic
monitoring of the population of the krill (Euphausia sp.) in the southwestern Atlantic
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Ocean (Area 48). This organism plays an important role in the food chain of whales,
seals, penguins, squids, and fish, and is one of the most studied species in high-latitude
oceans (Nicol and Brierley 2010). In this region, it is important to inspect the changes in
environmental conditions associated with this ice, because algae and biota related to sea
ice are important sources of food for young krill (Loeb and Santora 2015; Kohlbach et al.
2017; Schaafsma et al. 2017).

2.2. Passive remote sensors

The SLMM was applied to a time series of images of T, from the SMMR sensors of the
Nimbus-7 satellite, SSM/I of the Defense Meteorological Satellite Program (DMSP) F8, F11
and F13 satellites, and SSMIS of the DMSP F17 satellite, in the 19H, 19V, 37H and 37V
frequencies and polarizations, with spatial resolution of 25km and daily temporal resolution
between May and November, from 1979 —2018. The data used in this research are from
the National Snow and Ice Data Center (NSIDC) for projecting the Equal-Area Scalable
Earth Grid (EASE-Grid) and are also available in the Polar Stereographic projection.

The 19 and 37 GHz radiometric frequencies are recommended for sea ice analyses, as
the signature of the T, emission of sea ice in this range contrasts clearly with that of
open water (Meier and Markus 2015). Additionally, the use of the 37-GHz dataset (H and
V polarizations) is helpful for ice concentrations > 90%, reducing the error caused by
spatial changes in the temperature of the snow/ice interface (Comiso et al. 1997).

The accuracy of the Ty, registration may show an uncertainty of + 3K for the SSM/I
sensor (Hollinger et al. 1990). Such uncertainties presented in the T, of the sensors are
not much superior to those determined by targets, such as sea ice and open water, but
the difference in sea ice concentration calculations is less than 1%, with a standard devi-
ation of 10-15% in regions with high concentrations for the SSMIS sensors (Meier and
Stewart 2020).

2.3. Sentinel 1 and 2

The Sentinel 1 mission is composed of twin satellites 1 A and 1B, operating on the C
band (frequency of 5.405GHz) in horizontal (H) and vertical (V) polarizations and pro-
viding Synthetic Aperture Radar (SAR) images in up to four imaging modes:
Interferometric Wide swath (IW), with a 250km wide band and 5 x 20m resolution;
wave mode (WV) at 20 x 20km and 5 x 5-m resolution; Strip Map (SM) with an 80-km
width band and 5 x 5m pixel resolution; and Extra-Wide swath (EW), with a width band
of 400km and 20 x 40-m resolution (European Space Agency 2020). Images of Sentinel
1 A in imaging mode IW and HH simple polarization were used for the demarcation of
the regions covered by young ice and/or first-year ice and open water and/or new ice
mapped in this study.

The Sentinel 2 mission provides multispectral images via an optical sensor (MSI) with
high spatial resolution constituted by 13 spectral bands. Three bands are in the visible
spectrum, one is in the near-infrared spectrum (with a spatial resolution of 10m), six
bands are infrared at 20 m, and three bands are used for atmospheric correction of these
images, with a spatial resolution of 60 m (European Space Agency 2015). The three bands
from the visible spectrum in Sentinel 2 A were used to obtain the samples of training and
validation of the supervised classifier applied in this research.
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Figure 2. Methodology applied to the development of the SLMM in the images of the SMMR, SSM/I, and
SSMIS sensors.

3. Methods

The methodology applied in this work (Figure 2) comprised the following steps: a) multi-
temporal radiometric calibration and classification of young ice and/or first-year ice and
open water and/or new ice in multitemporal Sentinel 1A images; b) Spectral signature
(Ty reference values) of these two sea ice classes through the SLMM in the SSMIS images
of the F17; c) radiometric corrections between SMMR, SSM/I, and SSMIS; d) sub-pixel
analysis in the SMMR, SSM/I and SSMIS images from May to November, covering the
period of 1979 —2018; and e) young and/or first-year ice concentration validation based
on subpixel analysis in relation to an independent dataset with sea ice concentration esti-
mated from classified images from Sentinel 1 A.

3.1. Calibration and classification of the SAR sentinel 1A images

The delimitations of regions covered by young ice and/or first-year ice and open water
and/or new ice was made using the backscatter coefficients (c°), in decibels (dB), for
each category in Sentinel 1A images, IW imaging mode, and simple HH polarization.
The following processing chain was preliminarily made on the SAR images of Sentinel
1 A: a) orbit correction; b) radiometric calibration to estimate the image noise through
the power of the energy emitted by the pixels and to remove the extreme values of the
imaged targets (Balss et al. 2010); ¢) reduction of the speckle noise using a median filter
of 5x5 pixel dimensions (Arigony-Neto et al. 2007); d) normalization of the data
through cosine, limiting the variations of c° within the different angles of incidence for a
given reference angle (cosine of 37.5° applied in this study) (Mladenova et al. 2013;

96



6 @ F. L. HILLEBRAND ET AL.

Figure 3. Set of data used for the supervised classification through the Random Forest method: A) Unsupervised clas-
sification through the K-means method in the SAR image of the Sentinel 1A in 11/02/2018, IW mode, forming tree
clusters: blue refers to open water, yellow to new ice, and red to first-year ice; B) SAR image from the Sentinel 1A in
11/02/2018, IW imaging modem in dB; C) Composition with true colors of the optical image obtained by the Sentinel
2 on 11/01/2018.

Topouzelis et al. 2016); and e) conversion of the digital values of the pixels for backscatter
values in dB.

To obtain ¢ intervals that represent the radiometric response of young ice and/or
first-year ice and open water and/or new ice in Sentinel 1 A data, images from 10/14/
2017, 09/27/2018, 11/02/2018, 09/03/2019, 09/12/2019, 10/03/2019, 10/06/2019, 10/09/
2019, and 10/15/2019 were put through the supervised classifier Random Forest. This clas-
sifier consists of an aggregate model, using the output of different models, also called
decision trees, to calculate the response variable (Dahinden and Ethz 2011). To obtain the
training samples of the classifier and for its validation, Sentinel 2 A optical images were
used on 10/15/2017, 09/25/2018, 11/01/2018, 09/01/2019, 09/12/2019, 10/01/2019, 10/05/
2019, 10/11/2019, and 10/13/2019, and unsupervised classifications were made using the
K-means method in the respective images of Sentinel 1 A. The K-means consists of the
grouping of pixels through the minimum distance technique, to a number of classes
defined by the user with no need for a previous training of the classifier (Coleman and
Andrews 1979); this allows for the identification of some unique classes but with a very
small zonal extent that could not be recognized in the visual interpretation of the optical
images (Figure 3). The statistical validation of the classification performance was made
through the calculation of the global accuracy of the classification by the Kappa index
(Congalton 1991).

The limitation of the dates for the obtention of the ¢° intervals of the targets consid-
ered the availability of optical images from Sentinel 2 A, with a maximum two day differ-
ence in relation to the acquisition of the SAR images from Sentinel 1 A; dates with little
cloudiness in the Sentinel 2 A images, which did not affect the discrimination of the sea
ice and the dates of acquisition of the images, must be concentrated in the winter season
and the beginning of the austral spring (October).

3.2. Spectral linear mixing model

The spectral signature values for the targets in passive remote sensors can be obtained
through spectral libraries, spectral analysis of samples of each component in the labora-
tory, or selection of pixels in the image considered to be pure (Schowengerdt 2006). In
our research, these pure pixels of young ice and/or first-year ice, and open water and/or
new ice to be applied in the SLMM were obtained through the classification of the SAR
images of Sentinel 1A from 07/22/2017, 08/03/2017, 08/15/2017, 08/27/2017, 06/23/2018,
07/05/2018, and 09/15/2018, using a training sample for the supervised classifier and the
intervals of calculated ¢° that represented the radiometric response of these targets. During
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this process, some T, variation occurred in the estimated spectral signatures, therefore
applying the linear regression between the attribute values of the fraction-images of the
SAR image of each class to each band and polarization of the SSMIS sensor of the F17. In
the linear regression, the dependent variables were open water and/or new ice and young
ice and/or first-year ice derived from the fraction-images SAR. The independent spectral
signatures of the pure components (Tj) for each analyzed date, channel, and polarization
were obtained from the solution of the least squares over the images of the passive sensor.

To evaluate the necessary sample size (pixels of the passive sensor) to estimate the Ty
reference for the pure components in the oceanic regions, a minimum sampling for each
channel (18H, 18V, 37H, and 37V) quantified by the determination of the sample size
expressed by Equation 1 (Levine and Wilks 2000) was calculated. Determining the sam-
pling size is considered a criterion for choosing the dates of the final estimate of the Ty,
reference of the pure components and the linear regressions that present the highest coef-
ficient of multiple correlation (R).

Z2 62
e2

n= (1)
where 1 is the sample size (pixels), ¢ is the standard deviation of the fraction images of
the pixels from the SSMIS sensor of the DMSP F17, Z is the desired level of reliability
(1,96 for 95% of reliability interval), and e is the acceptable sample error (0.05).

The SLMM assumes that the response (T}, e 6°) of each pixel in a given channel of the
passive sensor is the result of a linear combination of each final member in the instantan-
eous field of view (IFOV), which is represented in a grid cell resolution (De Freitas et al.
2018). The contribution of each final member is weighted by the fractional area of this
component in each pixel; if the final member signal response is known, Equation 2 esti-
mates the fraction of each final member (Haertel and Shimabukuro 2005):

Rk:er,kf}““f‘vk’k:l:--wP (2)
=1

where Ry is the mean spectral reflectance of the pixel in the k spectral band, r;  is the spec-
tral reflectance of the j component in the k spectral band, f; is the proportion of the compo-
nent, j is the proportion of component j within the pixel, m is the number of components, v,
is the residual error for the k spectral band, and k is the number of spectral bands.

The number of spectral bands p is usually greater than the number of m unknowns,
resulting in a system of linear equations in which the number of equations is greater than
the number of unknowns. A system with these characteristics does not have an exact
solution, and an approximation to satisfy specific criteria is generally used. In this context,
the most frequently used approach is the one provided by the minimum square method,
in which the solution (of multiple solutions) that minimizes the sum of the squares of the
residuals vy is used (De Freitas et al. 2018). In this case, the solution must meet the two
restrictions presented in Equations 3 and 4:

Y =1 3)
=1

fi=z0 (4)

Using the SLMM assumptions, a set of linear equations can be established for each
pixel in each spectral band. Thus, Equation 5 demonstrates that for each i pixel in the k
spectral band, we find a residual value (Haertel and Shimabukuro 2005):
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m
Vik =Rik— > _fitik )
=1

where R;; is the mean spectral reflectance in pixel i in the k spectral band, f; ; is the pro-
portion of i pixels covered by the j component, rj is the unknown spectral reflectance
for the j component in the k spectral band, v; x is the residual in pixel i in the k spectral
band, m is the number of components, # is the number of pixels used, and p is the num-
ber of spectral bands of the images.

When obtaining the residual values per pixel, the mean error per band and total can
be calculated, spatializing the error distribution using the following matrix notation (6):

Eszk—F*rk (6)

where Ej is the n dimensional of the residuals in the k spectral band, Ry is the n dimen-
sional vector of the spectral response of the pixels in the k spectral band, F is the n x m
matrix of the proportions, and ri is the m dimensional vector of the spectral response of
the components in the k spectral band.

Other restrictions reported by Shimabukuro and Smith (1991) are that the number of
pixels n>m and m <p+ 1, so that the system of linear equations has a solution. The sys-
tem of equations is solved by the adjustment by least squares, whose objective is to esti-
mate f; by minimizing the sum of the squares of the errors v;; that is subject to
restrictions 3 and 4.

The least squares solution for unknown spectral reflectance can be calculated by
Equation 7 (Haertel and Shimabukuro 2005):

. = (F'F) 'F'Ry (7)

where 1y is the m dimensional vector of the spectral response of the components in the k
band, F is the matrix # x m of the proportions, F' the transposed matrix n x m of the
proportions, and R is the n dimensional vector of the spectral response of the pixels in
the k spectral band.

For this SLMM, the calibrated image values (Ry) and the spectral signature (rx) of the
pure components must be calculated. In our proposed methodology, the initial step con-
sisted of the co-registration of the SSMIS F17 images and the corresponding fraction
images of pure components derived from classified SAR Sentinel 1 A images acquired on
the same date of the image acquisition. After obtaining the spectral signature (Ry) of the
pure components, we can use it with the spectral response of the pixels in the four chan-
nels (19H, 19V, 37H, and 37V) in Equation 2 to estimate fraction images for each end-
member for all the calibrated microwave passive images calibrated to the SSM/I sensor of
the F8 used in this study (SMMR, SSM/I F8, F11 e F13, and SSMIS F17).

3.3. Radiometric calibration and spatiotemporal filtering of SMMR, SSM/I and
SSMIS images

From 1979-2018, different passive sensors collected data, such as the SMMR of the
Nimbus-7 satellite, the SSM/I of the F8, F10, F11, F13, F14, and F15 satellites, and the
SSMIS of the F17, F18, and F19 satellites; our research only uses the SMMR sensors of
the Nimbus-7 satellite, the SSM/I of the F8, F11, and F13 satellites, and the SSMIS of the
F17 satellite. Because these satellites have different altitudes, orbits, and angles of inci-
dence, radiometric corrections (Cavalieri et al. 1999) were necessary to adjust these obser-
vations, and the SSM/I sensor of the DMSP F8 was used as a reference. For this, works
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Table 1. Regression coefficients (Corrected data = Intercept + [Slope * Original data]) for the adjustment of the T,
emitted by the pixel between the SMMR sensor of the Nimbus-7, SSM/I of the F8, F11 and F13, and SSMIS of
the F17.

Sensors Band (GHz) Slope Intercept
SMMR of the Nimbus-7 to SSM/I of the F8 18V 1.149 —25.172
18H 1.064 —2.787
37V 1.161 —35.075
37H 1.048 —2.987
SSM/I of F11 and F13 to SSM/I of the F8 19V 1.002 —0.932
19H 1.008 -1.170
37V 1.008 —2.230
37H 1.019 —3.590
SSMIS of the F17 to SSM/I of the F13 19V 1.016 —1.269
19H 1.015 —0.394
37V 0.989 1.185
37H 0.979 3.446

such as Abdalati et al. (1995), De Freitas et al. (2014), and De Freitas et al. (2018) applied
linear regression equations for the radiometric calibration of these images in each band
(GHz) and in each sensor, obtaining slope values and the intercept of the regression equa-
tions for the radiometric correction of each spectral band (Table 1).

To fill data gaps or suppress inconsistent pixel values due to noisy signals or failures in
sensor detectors SMMR, SSM/I, and SSMIS, we calculated the mean data of the previous
and subsequent days with the following steps: a) replacement of bad pixels carried out
with data from the nearest two days, b) interpolation of the remaining bad pixels with
data from the closest three days, and c) interpolation of the remaining bad pixels with
data from the nearest four days up to the maximum period of six days (De Freitas
et al. 2018).

3.4. Validation of fraction images estimated by spectral linear mixing model and
analysis of the trend in the evolution of the sea ice area

To evaluate the results of the estimated fraction images derived from the use of the
SLMM spectral signatures of the pure components, we analyzed the zonal statistics from
the pixels of the classified images of Sentinel 1A, excluding the analysis dates that were
used to obtain the backscatter intervals that represent the radiometric response of the
young ice and/or first-year ice and open water and/or new ice and the dates that were
used to obtain the T, reference of the targets by the SLMM. As the validation process is
inferred from the individual values that the pixel represents, the statistical analyses applied
were the mean, standard deviation (c), and RMSE over the daily differences of the sea ice
concentration obtained by the SLMM and the data from Sentinel 1 A (Comiso et al. 1997;
Andersen et al. 2007).

The trend of the evolution of sea ice in a time series can be measured by the averages
of two parameters extent or area (Shokr and Sinha 2015). The extent of ice is calculated
through the integral area of the pixel that presents a concentration above a threshold
value, which is normally > 15%, according to NSIDC (Stroeve and Meier 2018). The sea
ice area is defined by multiplying the percentage of the ice concentration in the pixel
area, and only pixels with concentrations > 15% can be considered in the calculation.
The area potentially provides a greater spatial breakdown but is more affected by superfi-
cial melting and atmospheric effects than the extent. However, this research considers the
total area as a trend parameter, because the uncertainties are lower when considering the
concentrations close to the ice borders; therefore, it is less sensitive than the extent.
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The trend in the evolution of the sea ice area (km” year ') in the studied region was
obtained by averaging the linear regression model through mean annual data in the win-
ter and austral spring. For the statistical analysis, the magnitude ratio (MR) between the
slope of the line and its respective standard deviation (Equation 8) was applied for an
approximate statistical indication (Taylor 1997; Parkinson 2019). Considering the two-
tailed t test with 38 degrees of freedom (two less in relation to the total number of years
analyzed) at the 95% confidence level, MR values above 2.024 are statistically significant.

1 1-R?

il %
° N—2 R

®)

where b is the slope of the trend line, (N-2) is the number of degrees of freedom, and R?
is the coefficient of determination of the trend line.

Complementally, the R of the annual sea ice derived trends from the SLMM
(1979 — 2018) in two situations was calculated, considering > 15% concentrations in the
pixels. The first correlation was performed with data from May to November derived
from the model of the atmospheric reanalysis European Reanalysis Agency Interim (ERA-
Interim) of the European Centre for Medium-Range Weather Forecasts (ECMWF),
considering the parameter “sea ice area fraction” for the sea ice area trend. The second
correlation evaluated the trends of the extent of sea ice in September through data avail-
able by NSIDC.

4, Results
4.1. Sentinel 1A SAR image classification

In the images classified on 10/14/2017, 09/27/2018, 11/02/2018, 09/03/2019, 09/12/2019,
10/03/2019, 10/06/2019, and 10/15/2019, the backscatter threshold values were obtained
for each target, resulting in the following maximum and minimum values at the 90% reli-
ability level, as presented in Table 2. The global accuracy found for the supervised classi-
fier, considering the three dates, was 0.90 for the Kappa Index.

4.2. Subpixel analysis on SSMIS sensor images

To estimate the fraction images of open water and/or new ice and young ice and/or first-
year ice on 07/22/2017, 08/03/2017, 08/15/2017, 08/27/2017, 09/20/2017, 06/23/2018, 07/
05/2018, and 09/15/2018 from the 19H, 19V, 37 H, and 37V bands, the T} of the SSMIS
sensor of the F17 were used. The classified SAR images from Sentinel 1 A were resampled
in multiple values; thus, a pixel from the SSMIS band covers a 701 x 701-pixel matrix.
With Sentinel 1A classified images resampled and co-registered with the images of the
passive sensor in ArcGIS software (ESRI, Inc.), these data were imported and processed
in Matlab™ (MathWorks, Inc.) using the implementation of the SLMM processing rou-
tine. Using Matlab™ software, the classified SAR images were used to generate fraction

Table 2. o° (dB) for the supervised classifications performed under polarization HH images of Sentinel 1A, IW imag-
ing mode, with angles of incidence normalized to 37.5°.

Mean Standard deviation

Class a’ min a° max ¢ min ¢° max

Open water and/or new ice —27.5 —18.2 13 0.2
Young ice and/or first-year ice —14.3 -11.0 0.5 0.3
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Figure 4. T, of the pure components of open water and/or new ice estimated for the SSMIS images of the F17,
obtained for different data analyzed in the study with respective multiple R.

images corresponding to open water and/or new ice and young ice and/or first-year ice.
A moving window covering the matrix of 701 x 701 pixels was used for the calculation
and generation of the fraction image in each of the classes, preserving the nominal spatial
resolution of the SSMIS image channels. Figures 4 and 5 present the spectral signatures of
the estimated pure components in the images of the passive sensor, with its respective
multiple R in each analyzed date.

From the estimative of the T, for the pure components in the oceanic region of this
study in each channel (18H, 18V, 37H and 37 V), the minimum sampling size of 110 pix-
els of the passive sensor was calculated to establish the T, reference. Each date has a set
of 49 pixels of the passive sensor. Therefore, 07/22/2017, 08/15/2017, and 07/05/2018
were selected that possessed the highest multiple R to integrate the calculation of the Ty,
reference of the open water and/or new ice and young ice and/or first-year ice pure com-
ponents (Figure 6).

The pixel values of the fraction image for each pure component (ranging from 0-1)
were determined by calculating the percentage value of the area occupied by each class in
the moving window. These values were used in the SLMM with the T, of the four pre-
processed SSMIS bands to estimate the spectral signature of the two pure components
using the least squares solution (Equation 7). The error images (residues in T}) of the
estimate for each band were obtained by applying Equation 6.

As expected, there were some variations in the T, estimated for 07/22/2017, 08/15/
2017, and 07/05/2018, applying in the linear regression between the attribute values of the
SAR fraction images of each class with each band and polarization of the passive sensor.
In the linear regression, the dependent variables were open water and/or new ice and
young ice and/or first-year ice derived from SAR fraction images; the independent varia-
bles were the spectral signatures of the T}, pure components for each analyzed date, chan-
nel, and polarization obtained from the least squares solution on the SSMIS images of the
F17. The statistics and equations of the calculated linear regressions are presented in
Tables 3 and 4. Figure 7 shows the map of the averages of the error images (residues) in
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Figure 5. T, of the pure components of young ice and/or first-year ice estimated for the SSMIS images of the F17,
obtained in the different data analyzed in the study with respective multiple R.

the estimates of the spectral signatures of the pure components open water and/or new
ice and ice young and/or first-year ice.

The normal probability density of the residues from the estimates of the pure compo-
nent fractions of young ice and/or first-year ice on 07/22/2017, 08/15/2017, and 07/05/
2018 (Figure 8) range from —0.2-0.2; the positive residues were predominantly concen-
trated in the APBSW ocean region, and the negative residues were concentrated in the
APW and APDPW. Figures 6-8 show that areas with the presence of young ice and/or
first-year ice tend to have positive residues, and regions with open water and/or new ice
tended to have negative residues.

The evaluation of the reliability of the results of the subpixel analysis was obtained
from statistical indicators (mean, o, and RMSE between the differences in sea ice concen-
tration) calculated by the SLMM in relation to the zonal statistics obtained in the Sentinel
1 A classified images (Table 5).

4.3. Application of SLMM in the multitemporal series in images from the SMMR,
SSM/I, and SSMIS sensors

For the study of the interannual variations in the area of young ice and/or first-year ice,
the total areas of the fraction images from May to November 1979 — 2018 were calculated.
Evaluating the five-year periods (Figure 9) reveals that the average concentration of sea
ice was between 4% (1999 — 2003) and 27% (2009 — 2013). Two behaviors were identified
in the evolution of the concentration of sea ice from different sources; the highest concen-
trations occurring in the APBSE (sea ice originating from the Weddell Sea) and APW
(sea ice originating from the Bellingshausen Sea) regions. When assessing the number of
days with sea ice concentration > 15% (Figure 10), we found an interval between 19
(1999 —2003) and 134 days (1994 — 1998), with the APBSE ocean region having predom-
inantly the longest period in the historical series.

Owing of the identification of these two behaviors with different origins in the evolu-
tion of sea ice concentration (Bellingshausen Sea in the APDPW and APW regions, and
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Figure 6. Thematic classifications of the SAR images of the Sentinel 1 A defining regions with open water and/or new
ice and young ice and/or first-year ice to integrate the subpixel statistical analysis of the APW, APDPW, and APBSW
oceanic regions.

Table 3. Reference Tb (K) for open water and/or new ice in the regions APW, APDPW, and APBSW estimated from
the linear regression equations (open water and/or new ice fraction = Intercept + [Slope * Th]) and the statistics
between the SAR fraction images and the bands of the SSMIS of the F17 for the pixels corresponding to 07/22/
2017, 08/15/2017, and 07/05/2018: R2, Intercept (I) and Slope of the simple regression, coefficient of multiple correl-
ation (R).

Band Ty R’ I Slope R
19H 113.480 0.820 2.046 —0.009 0915
9V 178.861 0.832 3.808 —0.015

37H 146.215 0.737 2426 —-0.010

37V 208.779 0.772 5.368 —0.021

Weddell Sea in the APBSW and APBSE regions), the temporal statistics related to the sea
ice area have considered this division. This distinct behavior can be reinforced in Figures
11 and 12, in which the behavior of the monthly average of the sea ice area with a con-
centration > 15% in five-year periods between 1979 — 2018 is depicted. The APBSE and
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Table 4. Reference Ty, (K) for young ice and/or first-year ice in the regions APW, APDPW, and APBSW estimated
from the linear regression equations (young ice and/or first-year ice fraction = Intercept + [Slope * Tg]) and its sta-
tistics between the SAR fraction images and the bands of the SSMIS of the F17 for the pixels corresponding to 07/
22/2017, 08/15/2017 and 07/05/2018: R?, | and Slope of the simple regression, R.

Band Tis R? / Slope R
19H 220.527 0.821 —1.046 0.009 0915
19V 243.325 0.832 —2.809 0.015

37H 248.572 0.737 —1.427 0.010

37V 256.341 0.772 —4.368 0.021
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Figure 7. Maps of the averages of the error images (residues) in the estimates of the T, reference (K) for the open
water and/or new ice and young ice and/or first-year ice pure components from 07/22/2017, 08/15/2017, and 08/05/
2018 by using the SLMM of the SAR fraction images and the bands of the passive remote sensor on the correspond-
ing dates.
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Figure 8. Maps of the error images of the estimates of the fractions of the young ice and/or first-year ice pure com-
ponent on 07/22/2017, 08/15/2017, and 07/05/2018 using the SLMM of the SAR fraction images and the passive
remote sensor on the corresponding dates; the Gaussian residue distribution curve is included.

APBSW oceanic regions showed expanding sea ice area in May with a peak in June
(1984 —1988), July (1979 —1983, 1989 —1993, 1999 —2003, and 2004 —2008), and
August (1994 — 1998, 2009 — 2013, and 2014 — 2018); the cycle predominantly ended in
October. In the APDPW and APW oceanic regions, we found a distinct expansion behav-
ior in the area covered by sea ice in June; peaks occurred in August (1979 — 1983,
1984 — 1988, 1994 — 1998, 2004 — 2008, 2009 — 2013, and 2014 —2018) and September
(1989 — 1993 and 1999 —2003) and the cycle ended in November and December.

4.4. Analysis of the trend in the evolution of the sea ice area from the data
obtained by the SLMM

Analyzing the evolution of the area covered by young ice and/or first year ice with a con-
centration > 15%, between 1979 — 2018, we found a negative linear trend for the studied
region, with a rate of —0.03+0.02 x 10’ km* year ' for the oceanic sectors APBSW and
APBSE and —0.05+0.03 x 10’ km® year ' for APDPW and APW (Figure 13).
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Table 5. Mean difference, o, and RMSE of the differences of sea ice concentration calculated by the SLMM in rela-
tion to the zonal statistics obtained in the Sentinel 1A classified images.

Date Mean difference (%) o (%) RMSE (%) Ocean regions
07/03/2016 —0.1 209 209 APW, APDPW, and APBSW
07/29/2016 8.3 8.4 1.7 APBSE

08/10/2016 -3.0 15.4 15.3 APBSE

08/20/2016 11.8 23.6 26.4 APW, APDPW, and APBSW
09/01/2016 -11.9 16.3 20.2 APW, APDPW, and APBSW
10/09/2016 -0.3 0.8 0.8 APBSE

09/13/2016 -9.5 235 25.4 APW, APDPW, and APBSW
09/25/2016 12.8 13.4 18.5 APW, APDPW, and APBSW
10/07/2016 -0.7 3.9 4.0 APW, APDPW, and APBSW
10/19/2016 —6.2 19.0 20.0 APW, APDPW, and APBSW
10/31/2016 16.3 6.4 17.6 APW, APDPW, and APBSW
05/01/2017 11.5 13.6 17.5 APBSE

05/13/2017 —4.5 14.0 144 APBSE

06/06/2017 7.2 14.8 16.1 APBSE

07/10/2017 —74 345 35.2 APW, APDPW, and APBSW
07/12/2017 —5.4 121 13.0 APBSE

08/17/2017 44 16.6 16.8 APBSE

09/08/2017 104 16.3 19.3 APW, APDPW, and APBSW
09/10/2017 2.1 8.8 8.8 APBSE

09/22/2017 =23 8.1 8.2 APBSE

10/02/2017 8.1 14.7 16.8 APW, APDPW, and APBSW
10/04/2017 1.6 5.0 54 APBSE

10/16/2017 -39 6.9 7.8 APBSE

06/23/2018 —4.1 121 12.8 APW, APDPW, and APBSW
07/17/2018 24 10.8 11.0 APW, APDPW, and APBSW
07/29/2018 47 12.0 12.9 APW, APDPW, and APBSW
08/22/2018 —-04 12.8 129 APW, APDPW, and APBSW
09/03/2018 -73 19.6 209 APW, APDPW, and APBSW
09/27/2018 —-0.4 18.9 18.9 APW, APDPW, and APBSW
10/09/2018 75 6.5 9.9 APW, APDPW, and APBSW
Mean 14 13.6 15.3 _

The tendencies of the sea ice observed by the SLMM have a behavior similar to that of
other methodologies and data sources. A strong correlation (R=0.83) between the annual
sea ice area (May — November) was obtained by the SLMM in relation to the atmospheric
reanalysis model ERA-Interim in the studied region. In the analysis of the correlation of
the annual extent of sea ice (September) obtained by the SLMM in relation to the
NSIDC, the data presented a very strong correlation (R=0.93) for the APBSW and
APBSE oceanic regions and a strong correlation (R=0.83) for the APDPW and
APW regions.

To conduct analyses for smaller time periods of the evolution of the sea ice annual
extent throughout the winter and the austral spring, trend lines were calculated in ten-
year periods between 1979 — 2018 (Figure 14) and another analysis considering a five-year
period between 2014 — 2018 (Figure 15). This last period was strongly positively influ-
enced by SAM, with the annual indexes of 1.31 (2014), 4.13 (2015), 1.67 (2016), 1.67
(2017), and 1.90 (2018), according to the Marshall (2003) methodology available on the
website https://legacy.bas.ac.uk/met/gjma/sam.html. From 1979 — 1988, both oceanic sec-
tors showed a decreasing linear trend in sea ice area (-0.14+0.21 x 10’ km* year ' for
APBSW and APBSE, and —0.34+0.35 x 10’ km” year ' for APDPW and APW). From
1989 — 2008, the studied region showed an increasing trend in the area covered by sea
ice. However, from 2009 — 2018, we found a duality in the behavior, showing an increas-
ingly linear trend for the oceanic regions APDPW and APW (0.09+0.20 x 10°> km?
year ') and a decreasing linear trend for APBSW and APBSE (-0.19+0.15 x 10°
km® year ).
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Figure 9. Maps of the five-year averages of sea ice concentration in the winter and austral spring from 1979 — 2018,
using the subpixel statistics of the APBSW, APBSE, APDPW, and APW ocean regions.

For the last five-year period of the historical data series (2014 — 2018)—when the posi-
tive SAM phase affects the climate behavior of the region—we observed a sharp drop in

the trend of the evolution of the sea ice area, with rates of —0.56 +0.38 x 10° km” year™

1

for the APBSW and APBSE oceanic regions and —0.60+0.49 x 10> km® year ' for
APDPW and APW. Table 6 shows the synthesis of the slopes of linear trend with their
respective standard deviations and the statistical analysis by the two-tailed t-test using
MR, which showed no calculated statistical trend significance at the 95% confidence level.
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Figure 10. Five-year average of the number of days with sea ice concentration >15% throughout the winter and aus-
tral spring from 1979 — 2018 using the subpixel statistic of the APBSW, APBSE, APDPW, and APW oceanic regions.

5. Discussion

5.1. Classification of sentinel 1A SAR images

The low standard deviation found in the monitored classifications, performed for the
determination of threshold values for backscattering in each target, is related to the same
analyzed time of year, imaging mode (IW), normalized incidence angle, and polarization
(HH). The interaction between the RADAR system parameters (wavelength, polarization,
and incidence angle, among others) and the surface properties, such as ice and water, that
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Figure 11. Behavior of the monthly average of the sea ice area with a concentration > 15% in five-year periods from
1979 — 2018, through the subpixel statistic of the APBSE and APBSW oceanic regions.
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Figure 12. Behavior of the monthly average of the sea ice area with a concentration > 15% in five-year periods from
1979 — 2018 using the subpixel statistic of the APW and APDPW oceanic regions.

may influence the reflection of the target signals, depending on the geographic region and
the time of year (Bovith and Andersen 2005).

The greatest standard deviation observed was for the open water and/or new ice class
and is associated with the variability of the backscattering of the water surface due to the
roughness caused by the wind (Kwok et al. 1992). Leshkevich and Nghiem (2007)
reported in their work that the speed and direction of the wind may mislead the
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Figure 13. Evolution of the annual average of the sea ice area with a concentration > 15% throughout the winter
and the austral spring from 1979 —2018 using the subpixel statistic of the APBSW, APBSE, APDPW, and APW
oceanic regions.
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Figure 14. Evolution of the annual average of the sea ice area with a concentration > 15% throughout the winter
and the austral spring from 1979 — 2018 using the subpixel statistic of the APBSW, APBSE, APDPW, and APW
oceanic regions.
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Figure 15. Evolution of the annual average of the sea ice area with a concentration > 15% throughout the winter
and the austral spring from 2014 — 2018 using the subpixel statistic of the APBSW, APBSE, APDPW, and APW
oceanic regions.

Table 6. Slopes of linear trend lines with their respective standard deviations and the MR for the statistical analysis
through the two-tailed t-test with a reliability level of 95%.

APBSW and APBSE APDPW and APW
Slope Slope
Period (10 km year") MR (10> km year") MR
1979 — 2018 —0.03+0.02 1.18 —0.05+0.03 1.67
1979 — 1988 —0.14+0.21 0.64 —0.34+0.35 0.96
1989 — 1998 0.13+£0.16 0.78 0.06 +£0.20 0.31
1999 — 2008 0.23+0.20 1.13 0.05+0.10 0.47
2009 — 2018 —0.19+£0.15 1.31 0.09+0.20 0.42
2014 —2018 —0.56+0.38 1.47 —0.60 +0.49 1.22

discrimination between open water and ice, because co-polarized data (HH or VV) are
more sensitive than data from cross polarization (HV or VH). The increase in ¢° with
wind speed between 25-45m/s can increase by up to 1.5dB for horizontal polarization
under a normalized incidence angle of 31° (Fernandez et al. 2006).

5.2. Subpixel analysis from SSMIS sensor images

The T, reference values are applied to algorithms for sea ice concentration data recovery
in Antarctica using passive microwave sensors (Cavalieri et al. 1991, 2012; Ivanova et al.
2015; Meier and Stewart 2020). Table 7 shows some reference values in the different
channels and polarizations for open oceanic waters and first-year ice. Differences in Ty,
may be attributed to the environmental temperature and the difference in emissivity due
to the thickness and size of the snow grains over sea ice (Zwally et al. 1983). Nonetheless,
environmental variability did not influence the signature pattern (T},) of the pure compo-
nents of the targets in the APW, APDPW, and APBSW oceanic regions, demonstrating a
behavior similar to the Ty, reference values named for the Southern Ocean.

The new ice and/or open water signature is characterized by strong polarization, which
can be identified by the great emissivity difference between the polarized measurements V
and H. Eppler et al. (1992) defend that young and/or first-year ice is strongly emissive,
showing greater Ty, characteristics.
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Table 7. Ty (K) reference values for sea ice concentration calculation from the SSMIS passive sensors of F17 in the
Southern Ocean.

Class Band (GHz)  Meier and Stewart (2020)  Cavalieri et al. (2012) Research data

Open water and/or new ice 18H 113.40 113.40 113.48
18V 182.50 184.90 178.86
37H — —_ 146.21
37V 206.50 207.10 208.78

Young ice and/or first-year ice 18H 217.00 237.80 220.53
18V 241.60 253.10 24332
37H — —_ 248.57
37V 24230 246.60 256.34

5.3. Trends in sea ice area derived from passive remote sensor evolution

The positive trend in sea ice area from 1989 —2008 and the negative trend from
2014 — 2018 in the studied region has been observed in other studies. Meehl et al. (2016)
stressed that the rate of the evolution of sea ice extent in the Southern Ocean from
2000 — 2014 was 0.57 +0.33 x 10°km* decade ', five times faster than the previous period
0.12+0.11 x 10°km* decade™" from 1979 — 1999.

Despite the continuous trend in air temperature warming, which is more substantial
during the winter (King 1994; Stark 1994; Vaughan et al. 2003), the positive trend in sea
ice extent may be related to the reduction of long wave radiation from the ocean. This
results in a temperature increase in the sea surface temperature, decreasing sea ice expan-
sion, and leading to a reduction in salinity, the density of the upper stratum, and the salt
rejection rate. Consequently, this affects thermohaline circulation and causes a decrease in
heat transportation from the bottom to the surface of the ocean (Zhang 2007). This phe-
nomenon will result in an increase in sea ice liquid production, because the ice growth
rate is higher than the process of basal melting of sea ice due to increasing heat flow
ascending from the ocean floor. Although changes in atmospheric dynamics are likely to
lead to regional sea ice trends, the general sea ice trend is dominated by an increase in
melting ice platforms, neutralizing the atmospheric warming of the Southern Hemisphere
(Bintanja et al. 2013). However, since 2014, a drastic reduction in sea ice evolution in the
winter and austral spring has been observed that is related to atmospheric processes, such
as the predominantly negative phase of SAM (Turner et al. 2017). This negative phase
contributes to a sharp rise in sea surface temperature and, combined with wind action
and precipitation on the sea ice surface, the result is a rapid reduction in sea ice extent
(Meehl et al. 2019).

The Amundsen Sea Low (ASL) influence, which consists of a pressure center at
medium sea level from latitudes 60-70°S, with a strong interaction involving the orog-
raphy of the Antarctic Continent and westward winds on the Southern ocean (Baines and
Fraedrich 1989), influences the study area. Holland et al. (2018) reported that anomalies
in sea ice concentration often exhibit a discrepancy of up to three months in relation to
ASL variations in the region, revealing a strong connection with low pressure and heat
advection systems (Schlosser et al. 2018).

Reanalyzing the trends revealed that the sea ice extent in the Weddell Sea continuously
increased from 1979 — 2014 (7.0+3.7 x 10’ km? year '), dropped sharply after 2015, and
showed an evolution rate from 1979-2018 of 4.0 +3.5 x 10> km? year_1 (Parkinson 2019).
The APBSW and APBSE ocean regions featured an expansion of area covered by sea ice
from 1989 — 2008, and an inversion (-0.19 £0.15 x 10° km” year ') from 2009 — 2018; the
decrease accelerated after 2014 (-0.56+0.38 x 10°km” year ' from 2014 —2018).
Parkinson (2019) verified, for the Bellingshausen and Amundsen seas, sea ice decreased
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by —3.7+1.8 x 10°km? year ' from 1979 —2018; De Santis et al. (2017) observed a
decrease of —3.4+0.6 x 10°km? year ' from 1979 —2016. This trend was also observed
in the APDPW and APW oceanic sectors, where sea ice area decreased by
—0.05+0.03 x 10’ km” year ' from 1979 — 2018.

6. Conclusion

This study identified that the T, reference value response for open water and/or new ice
and young and/or first-year ice for the SSMIS sensor of F17 from local samples showed
similarity with the T, reference values described by Cavalieri et al. (2012) and Meier and
Stewart (2020) for the same targets in the Southern Ocean.

We observed that the SLMM is a new alternative for sea ice concentration mapping by
the use of passive remote sensors in the 19H, 19V, 37H and 37V frequencies and polar-
izations. This is demonstrated by the statistical analysis of pixel validation with sea ice
concentrations calculated by the SLMM in relation to the zonal statistics of the images
classified by active sensors, such as Sentinel 1 A.

Regarding the evolution of the area covered by young ice and/or first-year ice with a
concentration > 15% from 1979 — 2018, a negative linear trend was found for the study
region, with values of —0.03 +0.02 x 10’ km? year ' for the oceanic sectors APBSW and
APBSE and —0.05+0.03 x 10> km? year ' for APDPW and APW. This decrease acceler-
ated from 2014 — 2018 at rates of —0.56 +0.38 x 10°km” year ' for APBSW and APBSE
and —0.60 +0.49 x 10> km? year ' for APDPW and APW. Analyzing the historical series
in decennial periods revealed that behavior from 2009-2018 in these sectors trended nega-
tive (-0.19+0.15 x 10° km? year‘l) for APBSW and APBSE and positive
(0.09 +0.20 x 10°km® year ') for APDPW and APW.
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2.3.5 Artigo 5 — Statistical modeling of sea ice concentration in the northwestern region

of the Antarctic Peninsula

Este artigo encontra-se publicado na Environmental Monitoring and Assessment,
v. 193, n. 74, p. 1-22, 2021.

O gelo marinho é um dos principais componentes da criosfera que atua nos
processos da troca de calor e umidade entre o oceano e a atmosfera, regulando o clima
global. Neste sentido é importante identificar e modelar a concentracdo do gelo marinho
nas diferentes regifes da Antértica, permitindo dimensionar o impacto das alteracdes
ambientais no ecossistema da regido. O objetivo deste estudo foi avaliar o desempenho
dos métodos de regressao linear multipla e Box-Jenkins para prever a concentracdo de
gelo marinho ao longo da costa noroeste da Peninsula Antartica. Os dados da
concentracdo de gelo marinho foram extraidos de sensores remotos passivos Scanning
Multichannel Microwave Radiometer (SMMR), Special Sensor Microwave Imager (SSM/I)
e Special Sensor Microwave Imager/Sounder (SSMIS), entre maio a novembro para o
periodo de 1979-2018. Foram consideradas as variaveis meteorolégicas PNMM, T2m,
TSM, Precipitacdo Total (PT), Velocidade do vento a 10 metros (Vel), componente zonal
do vento a 10 metros (U10m) e componente meridional do vento a 10 metros (V10m),
extraidas do modelo de reanalise atmosférica European Reanalysis Agency 5 (ERAS)
para serem utilizadas como varidveis preditoras, e a técnica leave-one-out cross-
validation foi aplicada para calibrar e validar os modelos. Verificou-se que os dois
modelos estatisticos apresentam desempenho semelhante ao analisar os residuos, Root
Mean Square Error of Cross-Validation, acuracia final e desvio-padrao residual, sendo
essas respostas relacionadas a regionalizacéo da area de estudo, e também ao modelo
Box-Jenkins apresentar correlagdes fortes, homogéneas e estaveis nas séries temporais

modeladas para cada pixel.
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Abstract Sea ice is one of the main components of the
cryosphere that modifies the exchange of heat and mois-
ture between the ocean and atmosphere, regulating the
global climate. In this sense, it is important to identify
the concentration of sea ice in different regions of Ant-
arctica in order to measure the impact of environmental
changes on the region’s ecosystem. The objective of this
study was to evaluate the performance of the multiple
linear regression and Box—Jenkins methods for
predicting the concentration of sea ice along the north-
west coast of the Antarctic Peninsula. Sea ice concen-
tration data from May to November for the period 1979—
2018 were extracted from passive remote sensors in-
cluding a scanning multichannel microwave radiometer,
special sensor microwave imager, and special sensor
microwave imager/sounder. Meteorological variables
from the atmospheric reanalysis model ERAS of the
European Center for Medium-Range Weather Forecasts
were used as predictor variables, and the leave-one-out
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cross-validation technique was used to calibrate and
validate the models. It was found that both statistical
models have similar performance when analyzing resid-
ual analysis results, root mean square error of cross-
validation, and final accuracy and residual standard
deviation, these responses being related to the regional-
ization of the study area and to the Box—Jenkins presents
strong, homogeneous, and stable correlations in the time
series modeled for each pixel.

Keywords Box—Jenkins - Multiple linear regression -
ERAS - Time series - Passive remote sensors

Introduction

Localized impacts of climate change on Antarctic sea
ice are constantly being assessed (Harangozo 2006;
Holland et al. 2010; Holland 2014), yet it is important
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that these studies are also conducted on a regional scale
because the seasonality of the atmosphere does not fully
explain the spatial distribution of sea ice across the
Southermn Ocean, nor does it behave as a single entity.
Therefore, combinations of variables must be assessed
separately according to region or sector (Zwally et al.
1983; Lefebvre and Goosse 2008; Eayrs et al. 2019).
Studies on this theme are relevant for monitoring the
changes in environmental conditions associated with the
concentration of sea ice, which in turn impacts the
occurrence of microalgae that are interconnected in the
production of mollusks (Cordier et al. 2020), phyto-
plankton, and zooplankton. These organisms are
sources of food for the young stages of krill (Euphausia
sp.), which in turn are the main source of food for the
marine biota of the Southern Ocean (Loeb and Santora
2015; Kohlbach et al. 2017; Schaafsma et al. 2017). In
addition, global warming can also affect coastal systems
by increasing the temperature, height of water levels,
and acidity of water ecosystems (Nazarmia et al. 2020).

Among the main meteorological variables affecting sea
ice variability in the Southern Ocean are the following: air
temperature at 2 m (T2m) (Jacobs and Comiso 1997; Liu
et al. 2004; Marshall et al. 2006), sea surface temperature
(SST) (Ledley and Huang 1997; Lefebvre et al. 2004;
Zhang 2007), total precipitation (TP) (Zhang 2007;
Nihashi and Ohshima 2015), mean sea level pressure
(MSLP) (Pezza et al. 2012; Simpkins et al. 2012;
Hosking et al. 2013), and wind components such as wind
speed (WS), the zonal wind component at 10 m (U10m),
and meridional wind component at 10 m (V10m) (Holland
and Kwok 2012; Zhang 2014; Turner et al. 2016).
Hillebrand et al. (2020b) have identified that most studies
on these variables have used univariate statistics, that is, the
correlation of a given climatic factor with a given param-
eter of sea ice (i.e., extension, area, or concentration) on a
relatively wide scale, thus delimiting the study regions by
seas or sectors of the Southern Ocean.

To assess the impact of climate change on the spatial
distribution of sea ice over a longer time series, the
concentration of sea ice is calculated by algorithms that
use information provided by passive microwave sensors
such as the scanning multichannel microwave radiome-
ter (SMMR), special sensor microwave imager (SSM/I),
and special sensor microwave imager/sounder (SSMIS).
Based on the concentration of sea ice, it is possible to
calculate the extent to which the integral pixel area with
a concentration greater than threshold values in its cal-
culation base, or the area defined by multiplying the

@ Springer

percentage of the ice concentration above a threshold
value with the pixel area (Comiso and Nishio 2008), this
threshold value being standardized at > 15% according
to the National Snow and Ice Data Center (NSIDC)
(Stroeve and Meier 2018). NSIDC provides a climate
data record algorithm (Meier et al. 2017) on sea ice
concentration through a combination of two algorithms:
National Aeronautics and Space Administration team
(Cavalieri et al. 1984) and bootstrap (Comiso 1986).
These algorithms require the calculation of the bright-
ness temperature (7}), a reference that characterizes the
spectral behavior of sea ice or open water, thus allowing
the estimation of the concentration of sea ice in the
Southern Ocean (Cavalieri et al. 1991; Ivanova et al.
2015). In order to evaluate the behavior of sea ice
concentration in a regionalized study during winter
and southern spring using the reference 7;, obtained
from local samples, Hillebrand et al. (2020a) applied
the spectral linear mixing model (SLMM) to calculate
the concentration of young sea ice and/or first-year ice
in the ocean region located northwest of the Antarctic
Peninsula between 1979 and 2018, using data from the
passive remote sensors SMMR, SSM/I, and SSMIS.

Several studies have investigated statistical modeling
techniques to predict the behavior of sea ice in relation
to meteorological and/or oceanic forces; however, these
studies are focused on the Arctic (Stroeve et al. 2008;
Kim et al. 2019; Ionita et al. 2019). The objective of this
research was to evaluate the performance of statistical
modeling to predict the concentration of sea ice with
data from the passive remote sensors SMMR, SSM/I,
and SSMIS as a function of meteorological variables
(T2m, SST, TP, MSLP, WS, U10m, and V10m) in the
ocean region located northwest of the Antarctic Penin-
sula between 1979 and 2017, covering the months from
May to November. Given the observed short-term sea
ice variability during the satellite era, it remains impor-
tant to differentiate oceanic versus atmospheric forcing
of sea ice growth and melt for climate model develop-
ment and forecast applications and also to consider the
evolving implications of sea ice change on physical and
biological systems amidst global warming.

In this study, contemporary meteorological data and
two statistical approaches were used to predict the concen-
tration of sea ice in a given region of the Southern Ocean.
“Study site and data” presents the study region and the
motivation for its choice, in addition to the data sources
used for the development of this research. The statistical
approaches presented in “Methods” consist of the multiple
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linear regression (MLR) model and the modeling of the
Box—Jenkins time series. “Results” presents the results of
these modeling experiments for each month and valida-
tions through the residual analysis, the root mean square
error (RMSE) of cross-validation (RMSECYV), final accura-
¢y (Ac), and residual standard deviation (S,.,), and the
“Discussion” section presents a discussion of these results
compared with other research that also analyzed the influ-
ence of meteorological variables on the formation of sea
ice in the Southern Ocean.

Study site and data

Study site

The marine region located northwest of the Antarctic
Peninsula has a highly productive ecosystem supporting

marine populations whose abundance and geographical
distribution are affected by changes in sea ice conditions

and atmospheric warming (Montes-Hugo et al. 2009;
Nicol and Brierley 2010; Moffat and Meredith 2018).
For this study, the oceanic region northwest of the
Antarctic Peninsula was delimited into sectors accord-
ing to the Commission for the Conservation of Antarctic
Marine Living Resources (CCAMLR) convention,
using the following denominations (Fig. 1): Antarctic
Peninsula Bransfield Strait West (APBSW), Antarctic
Peninsula Bransfield Strait East (APBSE), Antarctic
Peninsula Drake Passage West (APDPW), and Antarc-
tic Peninsula West (APW).

Because of the identification of two distinct ori-
gins in the sea ice supply (Bellingshausen Sea in
the APDPW and APW regions, and the Weddell
Sea in the APBSW and APBSE regions), the tem-
poral statistics related to the sea ice area follow this
division. Turner et al. (2013) demonstrated that the
advance of sea ice in the Bellingshausen Sea tends
to occur later, at the end of the austral winter. This
distinct behavior can be seen in Figs. 2 and 3, in
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Fig. 1 Location of oceanic sectors in the northwest region of the Antarctic Peninsula, according to the division defined by the Commission
for the Conservation of Antarctic Marine Living Resources (CCAMLR) convention

@ Springer

121



122

74 Page 4 of 22 Environ Monit Assess (2021) 193:74

APBSE and APBSW regions

N WA 0O N ® © O

Area with concentration 2 15% (10° Km?)

0
May June July August September October November
Month
—1979-1983 — 1984-1988 —1989-1993 —1994-1998
e 1999-2003 s 2004-2008 —2009-2013 —2014-2018

Fig.2 Behavior of the monthly average of the sea ice area with a concentration > 15% in five-year periods between 1979 and 2018, through
the spectral linear mixing model (SLMM) of the ocean regions APBSE and APBSW
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the SLMM of the APW and APDPW ocean regions
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time series of 73, images from the SMMR, SSM/I, and
SSMIS sensors in the period 1979-2018 (Hillebrand
et al. 2020a). SLMM data showed a difference of 1.4%
(standard deviation of 13.6% and mean square error of
15.3%) when compared to sea ice concentrations mapped
using synthetic aperture radar (SAR) Sentinel 1A data.
The data were applied to SMMR sensors of the Nimbus-7
satellite, SSM/I of the Defense Meteorological Satellite
Program (DMSP) satellites F8, F11, and F13, and SSMIS
of the DMSP F17 satellite, at frequencies and polariza-
tions (respectively) of 19H and 19 V, and 37H and 37 V,
with a nominal spatial resolution of 25 km during winter
(June to August) and austral spring (September to No-
vember) (Turner et al. 2020).

To assess the climatological factors on the spatiotem-
poral distribution of sea ice concentration in the study
region, monthly data for the meteorological variables
T2m, SST, TP, MSLP, WS, U10m, and V10m, obtained
by the atmospheric reanalysis model European Reanal-
ysis Agency 5 (ERAS), were used from between May
and November, covering the period 19792018, which
are available on the website https://cds.climate.
copernicus.eu/cdsapp#!/dataset/reanalysis-eraS-single-
levels-monthly-means?tab=form. Depending on the
signal, the wind components Ul0m and V10m not
only provide the indication of the wind quadrant, but
also allow for calculation of the direction using their
resulting vectors (Hashimoto and Mata 2019). Values of
negative and positive U10m indicated winds from the
east and west quadrants, respectively, while negative
and positive V10m indicated winds from the north and
south quadrants, respectively.

The monthly values of the meteorological variables
were obtained by extracting the pixel values on the
surface (single level) from the files in Network Common
Data Form, or NetCDF, format at a nominal spatial
resolution of 0.25° x 0.25°. These data provided by
atmospheric reanalysis consist of a global forecasting
model with input observations and an assimilation
scheme that is used together to produce better estimates
(analyses) of past atmospheric states (temperature, wind
fields, geopotential height, and humidity) (Fujiwara
etal. 2017).

Methods

In order to enable consistent point-to-pixel and pixel-to-
point comparisons (Thanh 2019), meaning the

extraction of data from dependent and independent var-
iables, a regular grid was generated with a spatial reso-
lution of 0.25° x 0.25° over the oceanic region under
study, corresponding to the spatial resolution of images
from the SMMR, SSM/1, and SSMIS sensors as well as
ERAS data. This dataset was made compatible with the
same cartographic projection, originating a Lambert
Azimuthal Equal-Area Projection abbreviated NSIDC
EASE-Grid 2.0 South, under reference ellipsoid World
Geodetic System 1984 (WGS 84). Figure 4 illustrates
the flowchart of the statistical modeling applied in this
study.

As both the Box—Jenkins and MLR models are para-
metric statistical analyses, it was necessary to perform a
test to verify the normality of the data (i.e., the concen-
tration of sea ice and meteorological variables). For this,
the Shapiro-Wilk test was applied, which consists of a
non-parametric evaluation, ideal for evaluating different
distributions and sample sizes (Shapiro and Wilk 1965).
The adopted decision rule considered a significance
level of 5% to identify whether the distribution was
normal or not: (i) accept H, if p value >0.05, that is,
the dataset had a normal distribution or (ii) reject H, if p
value <0.05, that is, it could not be assumed that the
dataset had a normal distribution. Given the assumption
of parametric distribution for the dependent and inde-
pendent variables, statistical analyses were performed.

Based on the normal distribution of the data, the
normalization of the monthly averages of each pixel of
the independent variables was performed in the form of
the z-score as shown in Eq. 1 (Hair et al. 1998; Ahn et al.
2014) due to the different dimensional units. For this
procedure, the pixels of the 280 months (1979-2018) of
each meteorological variable were tabulated for each
region of study (APBSW and APBSE, or APDPW and
APW).

(xi—x)

z=—-—" 1
= (1)
Here, x; is the value of the monthly average of the
pixel, x is the average value of the pixels in the time
series, and o, is the standard deviation of the pixels in
the time series.

Multiple linear regression model to predict sea ice
concentration

To assess the spatial distribution of sea ice concen-
tration (dependent variable) in relation to
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Fig. 4 Flowchart of the statistical modeling processing of data
from passive remote sensors scanning multichannel microwave
radiometer (SMMR), special sensor microwave imager (SSM/I)

meteorological conditions, T2m, SST, TP, MSLP,
WS, UlOm, and V10m (independent variables) were
applied in MLR equations. Hair et al. (1998)
highlighted that MLR can be used when the research
problem involves a single dependent variable consid-
ered to be related to two or more independent vari-
ables. Works such as Qu et al. (2012) and Ahn et al.
(2014) performed this type of statistical modeling to

@ Springer
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and special sensor microwave imager/sounder (SSMIS), and from
atmospheric reanalysis model European Reanalysis Agency 5
(ERA5)

assess the behavior of sea ice in relation to different
meteorological variables in the Arctic.

With the data normalized under the z-score, the
partial F test was then applied to identify the linear
relationship between the dependent variable and
each independent variable, thus allowing the identi-
fication of independent variables that can be elimi-
nated from the model owing to their lack of
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statistical relationship at the established level of
significance (av=0.05). Once the statistically signif-
icant independent variables were identified, the re-
gression model was generated according to Eq. 2
(Hair et al. 1998) between the normalized monthly
data of the meteorological variables and the concen-
tration of sea ice. An additional reason for applying
the general F test was to assess the occurrence of a
significant linear relationship between the integral
set of variables used by the model.

y=0o+Bix1+ Byx2+ "+ Byxx +€ (2)

Here, y is an independent variable; x; to x; are de-
pendent variables; /3, is the y intercept; 3,and [3; are the
slope coefficients between y in relation to variables x; to
xz; and ¢ is the random error, including other factors that
may influence the response of variable y, except regres-
sion variables x; to x;.

Together with the equations, Pearson’s linear corre-
lation coefficient (R) between the dependent and the
independent variables was also calculated, assuming
the following scale of interpretation (Wilks 2011):
values greater than 0.9 indicate a very strong correlation;
0.7-0.89, strong correlation; 0.5-0.69, moderate corre-
lation; 0.3-0.49, weak correlation; and 0-0.29 negligi-
ble correlation. For the values of the determination
coefficient (R°) estimated by the models, the following
scale was considered (Chin 1998; Urbach and
Ahlemann 2010): values close to 0.67 consider the
model as substantial, values close to 0.33 consider the
model as moderate, and values close to 0.19 consider the
model as weak.

The technique applied for validation of the MLR
model was the leave-one-out cross-validation tech-
nique (Ahn et al. 2014; Badr et al. 2014; Ménard
and Deshaies-Jacques 2018), which was applied to
the selected years 2018, 2008, 1998, and 1988. This
method consists of partitioning the dataset, generat-
ing subsets that will be used for the elaboration of a
new model, which in turn will be applied to another
subset of data not used in the modeling, making it
possible to statistically analyze the predictive capac-
ity. The residuals (Eq. 3) between monthly values of
each pixel from SLMM and those estimated by cross
validation of estimated models are used to calculate
RMSECYV in the Eq. 4, Ac in the Eq. 5 and the S,
through the Eq. 6 (Wang et al. 2017; Kohavi 1995;
Hair et al. 1998).

€=y (3)

RMSECV = (4)
1 ~

Ac = M gl ()’F)G) (5)

Sres = (6)

Here, e, represents the residuals for i samples; y; the
experimental values of i samples; y; the values estimated
by the cross-validation of 7 samples; and M the number
of data for validation.

Box—Jenkins models to predict sea ice concentration

The Box—Jenkins models start from the idea that each
time series value can be explained by previous values,
using the time correlation structure that usually exists
between the series values, with better R’ indicators in
relation to the equations MLR (Vigano et al. 2018). As
the researched environmental phenomenon has tempo-
rality, the autoregressive integrated moving average
(ARIMA) model can be applied in annual periods,
which allows its application to each pixel containing a
multitemporal series between sea ice concentration and
meteorological factors (Ahn and Lee 2013; Ahn et al.
2014). This model is a generalization of the
autoregressive moving average (ARMA) model, being
adjusted to the time series data to better understand the
results or predict future points in the series.

The ARIMA models result from the combination of
three components called filters: the autoregressive (AR)
component, the integrated filter (I), and the moving
average (MA) component (Fava 2000). All three filters
or a subset of the three, resulting in stationary, non-
stationary, and seasonal models (Morettin and Toloi
2006), can model a series. The application of this model-
ing in the research followed the following steps
(Morettin and Toloi 2006; Espinosa et al. 2010): (i)
preparation of historical data; (ii) determination of sta-
tionarity and verification of seasonality in the series; (iii)
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differentiation until stationarity is achieved; (iv) verifi-
cation of the model obtained; and (v) identification of
the scope of the model forecast. The modeling was
performed using the R “forecast” library to optimize
the parameters (p, d, ¢) (P, D, Q) and the validation con-
sidered the leave-one-out cross-validation method, used
in the evaluation of the prediction of the parameters
RMSECV and Ac in 2018. The tabulated data, the geo-
graphic location of the central point of the pixels, and
the script of the R “forecast” library used in the Box—
Jenkins model are available online at https://doi.org
/https://doi.org/10.7910/DVN/2KMEGV.

Stationary models

Stationary models assume that the process is balanced.
A process is considered weakly stationary if its averages
and variances remain constant over time, and the
autocovariance function depends only on the lag be-
tween the instants of time. Otherwise, a process is
considered stationary if all the joint moments are invari-
ant to translations in time (Wemer and Ribeiro 2003).

In an AR model, the historical data series Z, is de-
scribed by its regressed past values and random noise &,.
Thus, Eq. 7 gives the AR (p) model:

Zi=0Z\+ 9o Zi2+ .. + BpZrp + (7)

Here, &; the parameter that describes how Z, relates
with Z_, valuetoi=1, 2,..., p.

The MA model, the Z, series, on the other hand,
results from the combination of white noise ¢ of the
current period with those that occurred in previous
periods. Thus, Eq. 8 gives the model of moving aver-
ages of order ¢ or MA (¢):

7 =i+ Oiery + Ooerg ... + 04614 (8)

Here, 6; the parameter that describes how Z, relates
withe, | valuetoi=1,2,..., q.

The ARMA model can be used with a large number
of parameters in purely AR or purely MA models,
comprising a mixed ARMA model. The ARMA (p, q)
model can be expressed according to Eq. 9:

Zy =01 Ze1 + oo + BpZiy + er-thEr—... 0414 (9)

@ Springer

Non-stationary models

If a time series presents a time-dependent mean and
variance, this indicates that the time series is not station-
ary. In order to detect non-stationarity, patterns can be
graphically searched for that have a slope in the data and
do not remain around a horizontal line over time and/or
changes in variance over time; this method would be in
addition to using unit root statistical tests such as the
Dickey—Fuller test (Werner and Ribeiro 2003).

Since most of the time series statistical analysis pro-
cedures assume stationarity, it will be necessary to
transform the time series if stationarity is not already
achieved. The most common transformation is to take
successive differences from the original series until a
stationary series is obtained (Morettin and Toloi 1987).
These generated models are ARIMA models (Hyndman
and Athanasopoulos 2018), denoted as ARIMA (p, d,
q), where the parameters p, d, and ¢ are non-negative
integers; p is the order (number of lags) of the
autoregressive model, d is the degree of differentiation
(i.e., the number of times the data had past values
subtracted), and ¢ is the order of the MA model, as
expressed in Eq. 10:

w =P W+ ...+ @,,w,-,,
+ebie1—... 014 (10)

Here, w, refers to A“Z,.

To assess whether the ARIMA models are viable in
the predictions, an analysis of the residuals must be
performed. For the ARIMA model to be viable with
regard to the adjustment of the observed data, the error
term &, of this model must behave like white noise, that
is, have a zero mean, constant variance (homoscedastic-
ity), and be uncorrelated in that the errors are indepen-
dent (Gujarati and Porter 2009).

Seasonal models

The ARIMA models explore the autocorrelation be-
tween the series values in successive instants, but when
the data are observed in shorter periods, the series can
also show autocorrelation for a given seasonality sea-
son, denoted as s. The models that include the series that
present seasonal autocorrelation are known as the sea-
sonal autoregressive integrated moving average
(SARIMA).
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These models are generally denoted as SARIMA (p,
d,q) (P, D, Q),,, where m refers to the number of periods
in each season and (P, D, Q) refer to the terms of
autoregression, differentiation, and moving average for
the seasonal part of the ARIMA model. Equation 11
presents the SARIMA model, according to Box and
Jenkins (1976):

(1=, L-...~,I7) (1-®, L*~...~8pL"™) (1-L)* (1-L*)"Z,

= (1-01L~...~0,L7) (1-9, L°~...~0oL%)e,
(11)

Here, (1-¢,L—...—¢,L”) represents the non-
seasonal autoregressive part of order p, (1—@,L°—...
—@pL"™) the autoregressive part seasonal order P and
seasonal season s, (1 —L)? the non-seasonal integration
part of order d, (1 — L) the seasonal integration part of
order D and seasonal season s, (1 —6,L— ... —,L7) the
non-seasonal part of moving averages of order ¢, and (1
—~hl = = ﬁQLQ"') the seasonal part of moving aver-
ages of order O and seasonal season s.

Results

Prediction of sea ice concentration through the multiple
linear regression model

For the MLR model, monthly models were developed
between May and November of the concentration of sea
ice in relation to normalized meteorological variables
(Eq. 12).

SIC = ﬂ() - ﬂrz,,,sz -+ /3SSTSST + ﬂTI’TP
+ Bus.PMSLP + BysWS + B4, U10m
+/3VlOWVI0m+€ (12)

Here, SIC is the sea ice concentration, /3, the inter-
cept of the dependent variable (sea ice concentration);
T2m, SST, TP, MSLP, WS, Ul10m, and V10m are the
independent variables; 872, Brsan Bers Beavne Bvers
Buioms and Sy, are the corresponding coefficients of
slope between the dependent variable and the indepen-
dent variable; and ¢ is the random error, including other
factors that may influence the response of variable SIC,
except the regression variables T2m, SST, TP, MSLP,
WS, Ul0m, and V10m.

For each MLR, the stepwise method was used, which
aims to select meteorological variables that most influ-
ence SIC, in this way, we reduced the number of vari-
ables regression equation composing. The procedure for
selecting variables is performed iteratively, adding and
removing variables, based on a selection criterion, using
partial F test at 5% significance. Thus, these variables
that have no statistical significance were excluded from
modeling to reduce models parsimony, prevent them
from masking or substituting the effects of influential
variables and not making statistical significance test of
independent variables less accurate (Hair et al. 1998).

Multiple linear regression model for the ocean regions
Antarctic Peninsula Bransfield Strait West
and Antarctic Peninsula Bransfield Strait East

First, the partial F test was applied (Table 1), where we
could identify that SST and T2m showed statistical
significance in all the evaluated months (May—Novem-
ber). The MSLP variable was not significant only in July
and October. A similar situation occurred with V10m
only in the months of May and June. The variable TP
presented the least amount of months with significant
values (only three), followed by WS and U10m.

When evaluating the R of the statistically significant
independent variables only, in Table 2, we identified a
moderate negative correlation only for T2m (June—Oc-
tober) and SST (May—October). Weak negative correla-
tions were identified for T2m (May and November),
SST (November), WS (August), and U10m wind com-
ponent (June, August—October) and weak positive cor-
relations in the V10m wind component (August—Sep-
tember). Table 3 shows the slope coefficients of the
MLR models during 1979-2018, with all models show-
ing a statistical relationship at the level of significance
established (= 0.05) by the general F test.

Multiple linear regression model for the ocean regions
Antarctic Peninsula Drake Passage West and Antarctic
Peninsula West

Applying the partial F test (Table 4), we can identify
that SST and TP presented statistical significance in all
the evaluated months (May—November). In addition, the
meteorological factors T2m (June-November) and WS
(June-October) presenting statistical significance were
concentrated in the periods with greater coverage by sea
ice, as shown in Fig. 3.
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Table 1 F test of partial significance (p value*) of the contribu-
tion of independent variables (x) in the multiple linear regression
(MLR) models between 1979 and 2018 for the oceanic regions

Antarctic Peninsula Bransfield Strait West (APBSW) and Antarc-
tic Peninsula Bransfield Strait East (APBSE)

Month T2m SST TP MSLP WS Ul0m V10m
May 0.000 0.000 0.000 0.001 0.313 0.354 0.313
June 0.000 0.000 0.183 0.000 0.021 0.030 0.907
July 0.000 0.000 0.001 0.461 0.625 0.000 0.000
August 0.000 0.000 0.965 0.000 0.000 0.003 0.000
September 0.000 0.000 0.000 0.000 0.000 0.000 0.000
October 0.000 0.000 0.508 0.010 0.053 0.000 0.000
November 0.000 0.000 0.195 0.000 0.006 0.079 0.000

*Values in italics represent significance interval (p value*) <0.05

**Note: air temperature at 2 m (T2m), sea surface temperature (SST), total precipitation (TP), mean sea level pressure (MSLP), and wind
components such as wind speed (WS), the zonal wind component at 10 m (U10m), and meridional wind component at 10 m (V10m)

By analyzing R of the statistically significant inde-
pendent variables only (Table 5), we identified moderate
negative correlations for T2m (July—August and Octo-
ber—November) and SST (July-November), while weak
negative correlations were identified for T2m (June and
September), SST (May—June), and WS (June and Octo-
ber). Table 6 shows the coefficients of the MLR models
method during 1979-2018, with all models showing a
statistical relationship at the level of significance
established (o = 0.05) by the general F test.

Cross-validation of multiple linear regression models

For the calibration and validation of the calculated monthly
regression models, the leave-one-out cross-validation tech-
nique was used, with single exclusions for the years 2018,
2008, 1998, and 1988, generating the following: (1) 40-
year dataset calibration, except for 2018 (for 2018

validation); (2) 40-year dataset calibration, except 2008
(for 2008 validation); (3) 40-year dataset calibration, ex-
cept 1998 (for validation 1998); and (4) 40-year dataset
calibration, except for 1988 (for 1988 validation).

In Table 7, we can see that the lowest values of
RMSE occurred for the months with the lowest per-
centages of sea ice concentration; these being for the
ocean regions APBSW and APBSE in May, October,
and November, and in the APW and APDPW regions
in May and November. Thus, the evaluation of RMSE
indicates that for the months in which there was a low
concentration of sea ice, the difference between the
predicted value and the observed value was smaller.
It was observed that R’ classified the models between
substantial and moderate; however, for the month of
May in the APW and APDPW regions, and Novem-
ber in the APBSW and APBSE regions, the models
were considered weak.

Table 2 Pearson’s linear correlation coefficient (R) between the dependent variable (y) in relation to the independent variable (x) between

1979 and 2018 for the APBSW and APBSE oceanic regions

Month T2m SST TP MSLP WS Ul0m V10m
May —0.491 —0.607 —0.043 0.156 - -- --

June —0.553 —0.568 - —0.168 —-0.032 —0.306 --

July —-0.520 -0.527 0.020 - - -0.267 0.280
August —0.662 —0.588 - 0.231 —0.304 —-0.330 0.325
September —-0.551 —-0.574 0.002 0.000 -0.242 —0.304 0.300
October —0.679 —0.520 - 0.087 - —0.340 0.259
November —-0.300 —-0.376 - 0.130 —-0.085 -- 0.092

*Values in italics represent significance interval (p value*) <0.05

Air temperature at 2 meters (T2m), sea surface temperature (SST), total precipitation (TP), mean sea level pressure (MSLP), and wind
components such as wind speed (WS), the zonal wind component at 10 meters (U10m), and meridional wind component at 10 meters (V10m)
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Table 3 Slope intercepts of the dependent variable (y) in relation to the independent variable (x) in MLR models during 1979-2018 for the
ocean regions APBSW and APBSE

Month Bo Brzm Bssr Bre Buste Bws Buiom Bviom
May 0.126 -0.016 —0.039 0.008 0.009 - -- -

June 0.141 —0.045 —0.080 -- -0.018 0.008 -0.010 -

July 0.137 —0.047 =0.100 0.009 - - 0.011 -0.011
August 0.097 —0.080 -0.114 -- 0.011 0.014 0.008 -0.013
September 0.119 -0.073 -0.107 0.009 0.012 0.017 -0.020 -0.013
October 0.157 —0.116 —0.018 -- 0.004 - 0.009 -0.015
November 0.115 -0.039 -0.010 - 0.007 0.004 - —0.008

*Values in italics represent significance interval (p value*) <0.05

[, is the intercept of the dependent variable (sea ice concentration); 37, Brsars Bers Benvaes Bves Buioms and Byio,, are the corresponding

coefficients of slope between the dependent variable and the independent variable

In the process of cross-validation, we observed that in
the APBSW and APBSE regions, the best RMSECV and
S, indicators (Table 8) were found in the months of
May, October, and November, demonstrating that the
MLR models have better predictive capacity in periods
with little ice concentration, that is, during the initial
freezing and final thawing process. This behavior was
also similar in the APW and APDPW ocean regions,
presenting the best indicators in May and November.

In Fig. 5, we can see the concentration of SLMM-
derived sea ice in 2018 between May and November, and
Figs. 6 and 7 show the predicted values for each pixel using
unique monthly models and the errors in the prediction of
the sea ice concentration for the year 2018 considering the
calibration of the MLR models between 1979 and 2017 for
each reference month (May—November). Notably, the larg-
est errors in prediction were observed for regions and
months with the highest concentrations of sea ice.

We can see in Table 8 that for the 4 years evaluated
by cross-validation for the MLR models, the mean
values of presented indicators for the APBSW and
APBSE ocean regions were RMSECV = 0.069, Ac =
—0.009, and S,., = 0.048, and for the APW and
APDPW regions, the values of RMSECV = 0.059, Ac
=0.003, and S, = 0.039.

Prediction of sea ice concentration using
the Box—Jenkins model

The Box—Jenkins model was applied individually to
each pixel that contained a time series of the sea ice
concentration and the measurements of the seven mete-
orological variables in each year of the series (1979—
2017), for a given reference month. The validation was
carried out considering the estimated and experimental

Table 4 F test of partial significance (p value*) of the contribution of independent variables (x) in the MLR models between 1979 and 2018
for the oceanic regions Antarctic Peninsula Drake Passage West (APDPW) and Antarctic Peninsula West (APW)

Month T2m SST TP MSLP WS Ul0m V10m
May 0471 0.000 0.000 0.000 0.582 0.000 0.745
June 0.000 0.000 0.002 0.001 0.000 0.000 0.000
July 0.000 0.000 0.000 0.206 0.000 0.000 0.000
August 0.000 0.000 0.000 0.000 0.042 0.922 0.000
September 0.000 0.000 0.002 0.201 0.001 0.000 0.138
October 0.000 0.000 0.000 0.000 0.014 0.000 0.000
November 0.000 0.000 0.000 0.000 0.065 0.000 0.000

*Values in italics represent significance interval (p value*) <0.05

Air temperature at 2 m (T2m), sea surface temperature (SST), total precipitation (TP), mean sea level pressure (MSLP), and wind
components such as wind speed (WS), the zonal wind component at 10 m (U10m), and meridional wind component at 10 m (V10m)
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Table 5 R between the dependent variable (y) in relation to the independent variable (x) between 1979 and 2018 for the APW and APDPW

ocean regions

Month T2m SST TP MSLP WS Ul0m V10m
May - —-0.253 0.140 0.051 - 0.084 -
June —-0.325 —-0.389 0.191 -0.277 0.118 —-0.172 -0.076
July —0.680 —-0.597 —0.149 - —0.346 —0.053 0.236
August —0.581 —0.546 —0.105 0.029 -0.214 - 0.097
September —-0.423 —0.508 0.020 - -0.277 —-0.196 -
October —0.545 —0.581 0.211 0.047 -0418 —-0.125 0.131
November —-0.500 —-0.618 0.178 0.078 - =157 0.019

Air temperature at 2 m (T2m), sea surface temperature (SST),

total precipitation (TP), mean sea level pressure (MSLP), and wind

components such as wind speed (WS), the zonal wind component at 10 m (U10m), and meridional wind component at 10 m (V10m)

values of the sea ice concentration in 2018. All Box—
Jenkins models calculated in the study region did not
show stationary (AR, MA, and ARMA) or seasonal
(SARIMA) behavior, indicating non-stationary ARIMA
model as more appropriate.

Analyzing Table 9 where the RMSECV, Ac, and S,
indicators are presented in validation for 2018, in oce-
anic regions APBSW and APBSE we have similar
values between the Box—Jenkins modeling with mean
values of RMSECV = 0.059, Ac = —0.015 and S, =
0.046, when compared with the MLR that presented
mean values of RMSECV = 0.051, Ac = —0.008 and
S,es = 0.041. These similar indicators were also ob-
served in the oceanic regions APW and APDPW, pre-
senting in the Box—Jenkins modeling mean values of
RMSECV = 0.052, Ac = 0.013, and S, = 0.042, and
MLR mean values of RMSECV = 0.059, Ac = 0.022,
and S,.s = 0.050. Figures 8 and 9 show the predicted
values and errors of the prediction of the sea ice con-
centration for the year 2018, considering the calibration

of the Box—Jenkins models of each pixel datum from
1979 to 2017 to each reference month (May—Novem-
ber), noting that there was a predominance of errors in
regions and periods with low concentrations of sea ice.

When comparing the two models in August 2018, it
can be seen that the Box—Jenkins model presented in the
APBSW and APBSE ocean regions the largest increase
in RMSECV (A =0.045), reduction in Ac (A=—0.034),
and increase in S,.; (A=0.031); however, for the
APDPW and APW ocean regions, they presented the
greatest reductions in RMSECV (A=-0.048), Ac (A=
—0.051), and S, (A=—0.029).

Discussion

In the APBSW and APBSE ocean regions, between
1989 and 2008, there was an increase in the area covered
by sea ice, followed by an inversion from 2009 (—0.19
+0.15%x10° km? yearfl between 2009 and 2018),

Table 6 Slope intercepts of the dependent variable (y) in relation to the independent variable (x) in MLR models during 1979-2018 for the
APW and APDPW ocean regions

Month Bo Bram Bssr Bre Bustp Bws Buiom Bv1om
May 0.055 - —0.007 0.005 0.003 - 0.004 -

June 0.093 —0.041 —0.058 0.007 —0.006 0.050 -0.011 -0.023
July 0.087 —0.063 —0.085 -0.019 - 0.010 0.017 —0.030
August 0.073 —-0.062 —0.153 -0.036 —0.020 0.005 - -0.027
September 0.112 —0.025 —0.148 —0.005 - 0.008 -0.021 -

October 0.122 —0.086 —0.063 0.011 0.014 —0.005 0.021 —0.024
November 0.197 =0.111 -0.028 0.006 0.021 - 0.021 -0.028

3, the intercept of the dependent variable (sea ice concentration), 572, Brsar Ber Beaviss Bvers Burom and By, are the corresponding

coefficients of slope between the dependent variable and the independent variable
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Table 7 Determination coefficient (R°) and root mean square error (RMSE) of the MLR models between 1979 and 2018

Month APBSW and APBSE regions APW and APDPW regions

R’ RMSE R RMSE
May 0.385 0.072 0.112 0.025
June 0.407 0.108 0.376 0.084
July 0.359 0.094 0.565 0.084
August 0.513 0.084 0.486 0.089
September 0.449 0.080 0.318 0.087
October 0.511 0.051 0.456 0.071
November 0.175 0.037 0.467 0.055
accelerating by up to three times this annual loss from covered by sea ice by —0.05+0.03 x 10° km?” year '
2014 (—0.56+0.38 x 10° km” year ' between 2014 and for the period 1979-2018 (Hillebrand et al. 2020a),
2018) (Hillebrand et al. 2020a). This trend was also which was also observed for the extension according

observed by Parkinson (2019). The oceanic sectors to De Santis et al. (2017) and Parkinson (2019). Turner
APDPW and APW showed a reduction in the area etal. (2013) found that between June and July for 1979—

Table 8 Cross-validation of sea ice concentration in 2018, 2008, 1998, and 1988 using the MLR models

Year Regions Parameter May Jun Jul Aug Sep Oct Nov
2018 APBSW and APBSE RMSECV 0.063 0.045 0.070 0.080 0.043 0.027 0.031
Ac 0.000 0.023 0.017 -0.072 —-0.025 -0.019 0.018
Sres 0.063 0.039 0.068 0.036 0.035 0.019 0.026
APW and APDPW RMSECV 0.010 0.062 0.051 0.091 0.075 0.100 0.025
Ac —0.006 0.051 —0.009 0.058 —0.002 0.060 0.004
Sres 0.008 0.035 0.051 0.071 0.076 0.081 0.025
2008 APBSW and APBSE RMSECV 0.045 0.087 0.081 0.122 0.061 0.034 0.023
Ac -0.007 0.034 0.011 -0.101 —0.040 -0.012 —0.001
Sres 0.045 0.081 0.081 0.068 0.046 0.032 0.023
APW and APDPW RMSECV 0.012 0.035 0.059 0.096 0.052 0.046 0.043
Ac —-0.008 —0.026 —-0.038 —-0.057 0.037 —-0.036 0.030
Sres 0.008 0.024 0.046 0.078 0.037 0.030 0.031
1998 APBSW and APBSE RMSECV 0.054 0.063 0.115 0.079 0.121 0.043 0.027
Ac -0.032 0.028 -0.108 -0.058 —=0.109 0.017 0.012
Sres 0.043 0.056 0.042 0.055 0.053 0.040 0.024
APW and APDPW RMSECV 0.011 0.064 0.069 0.073 0.074 0.053 0.044
Ac 0.004 0.037 —0.060 —0.055 0.044 —0.041 -0.029
Sres 0.010 0.052 0.035 0.049 0.060 0.035 0.033
1988 APBSW and APBSE RMSECV 0.033 0.115 0.064 0.089 0.181 0.082 0.071
Ac 0.012 —0.085 0.001 —0.055 0.177 0.065 0.061
Sex 0.031 0.078 0.065 0.071 0.039 0.050 0.037
APW and APDPW RMSECV 0.051 0.128 0.050 0.063 0.162 0.035 0.031
Ac 0.050 —~0:122 0.032 —-0.032 0.157 0.008 0.023
Shes 0.011 0.036 0.039 0.055 0.039 0.034 0.021
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Fig. 5 Concentration of sea ice derived from SLMM in 2018 between May and November

2007, losses of 20 to 25% occurred in the sea ice
concentration in the western region of the Antarctic
Peninsula (between 66 and 67° S), but with smaller
losses in the north, near our study region.

The negative trend in the area and extent of sea ice
observed is partly related to T2m and SST, where the R
showed moderate to strong correlations in monthly
analyses that involved MLR models. During the annual
period evaluated, we found months with growth and
melting of sea ice, with an average R between T2m
and the sea ice concentration of —0.54 (APBSW and
APBSE ocean regions) and —0.51 (APW and APDPW
ocean regions). These moderate correlation values are
close to those found by Comiso et al. (2017) for the
Southermn Ocean between 1981 and 2015, also showing
a moderate correlation with R=—0.68 between T2m
and the area covered by sea ice involving periods of
growth and melting of the ice. The advancement of sea

@ Springer

ice on the platforms has a strong correlation with the
T2m of coastal regions in the austral winter, in that the
correlation of the number of days of sea ice and T2m
had a moderate intensity (R=-—10.50), indicating the
continuous influence of ice-ocean interactions on T2m
(Stammerjohn et al. 2008).

King and Comiso (2003) demonstrated a strong cor-
relation between the SST of the western region of the
Antarctic Peninsula in relation to T2m provided by the
Faraday/Vernadsky weather station (65.4°S, 64.4°W).
Turner et al. (2013) also pointed to this season between
1979 and 2007, increasing T2m trends throughout the
year, starting from 0.15 °C decade ' in March and
increasing to 1.72 °C decade ' in July, decreasing after-
wards to a similar rate in the austral spring, and similar
behavior has been observed by King (1994), Stark
(1994), and Vaughan et al. (2003). However, raising
the temperature of subsurface layers of the ocean (50—
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Fig. 6 Concentration of sea ice derived from multiple linear regression (MLR) models in 2018 between May and November

400 m deep) by 0.3 °C can accelerate the basal melting
processes of sea ice platforms (Etourneau et al. 2019).
Thus, these interactions of the ocean—atmosphere—ice
are related to the warming of the region, being affected
by the north wind currents that increase the flow of hot
air. Further, with the reduction of the thickness and
concentration of the sea ice that causes in the increase
of the flow of heat between ocean and atmosphere
during the winter, the heating in the fall and early spring
are thus amplified (Vaughan et al. 2003; Meredith and
King 2005; Harangozo 2006; Stammerjohn et al. 2008).

In the APW and APDPW oceanic regions, we found
statistical significance in the relationship between the
formation of sea ice and the two meteorological vari-
ables of TP (in all months, May—November) and WS
(between June and October). These variables are known
to influence the initial formation of sea ice in these
regions, in that the accumulation of snowfall pressure

builds vertically on the surface of the newly formed sea
ice (Powell et al. 2005) and then combines with strong
winds (greater than 8 ms ' 10 m high) during and after
snowfall events (Massom et al. 1997) to produce me-
chanical fragmentation and snow compaction, creating
medium to high-density hard layers (Benson and Sturm
1993). The impact of the TP variation can also be
extended to the continent, to a direct relationship with
the accumulated snow cover (Javadinejad et al. 2020).
In addition, in the Antarctic Peninsula, a continental
mountain range is present, often influencing the atmo-
spheric reanalysis models to produce an overestimation
of precipitation in coastal regions or plains, a fact veri-
fied by Thanh (2019) when analyzing data from ERA-
Interim in regions of rugged relief.

Analyzing the predominant direction (positive or
negative) and intensity (value) of the R of the wind
components UlOm and V10m in relation to the ice
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concentration, De Santis et al. (2017) also found a
similar direction and intensity of the R of the wind
components regarding anomalies in the extension of
sea ice to the western region of the Antarctic
Peninsula. Within this study region, Stammerjohn
et al. (2008) verified a strengthening of the southern
winds during the spring to the austral autumn,

Fig. 7 Errors in the prediction of sea ice concentration derived from MLR models in 2018 between May and November

consequently affecting the sea ice advance and retrac-
tion processes, as well as the development of the oceanic
ecosystem. The performance of the southern wind in the
advance and retraction processes is observed in the
APBSW and APBSE regions, presenting R from 0.26
to 0.33 (July—October), coinciding with the period of
greatest sea ice area.

Table 9 Cross-validation of sea ice concentration in 2018 using Box—Jenkins models

Regions Parameter May Jun Jul Aug Sep Oct Nov

APBSW and APBSE RMSECV 0.045 0.078 0.069 0.125 0.051 0.021 0.026
Ac —-0.022 0.037 0.008 —0.106 —-0.029 —0.009 0.018
Sres 0.040 0.069 0.070 0.067 0.042 0.019 0.019

APW and APDPW RMSECV 0.021 0.071 0.046 0.043 0.070 0.089 0.023
Ac -0.014 0.059 —-0.030 0.007 0.007 0.061 0.001
Sres 0.016 0.040 0.036 0.042 0.070 0.066 0.023
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Fig. 8 Concentration of sea ice derived from the Box—Jenkins model in 2018 between May and November

Typically, regression models have been applied to
predict the extent, concentration, and leads in sea ice
and have been mainly concentrated in the Arctic
(Tonita et al. 2019; Zhang et al. 2018). When con-
sidering oceanic and atmospheric parameters to es-
timate the minimum extent of sea ice (September) in
the Arctic, Ionita et al. (2019) observed a high
predictive ability considering data for a short time
span, up to 4 months earlier. Zhang et al. (2018)
applied linear regression to estimate the lead area as
a function of the extent of sea ice presented in the
months prior to the analysis and found that their
numerical predictions had potential for estimates
within a basin-wide or regional, yet also had limita-
tions, given that sea ice has a strong influence on the
energy balance at the atmosphere—sea ice—ocean in-
terface. Our research has identified in region study

that the Box—Jenkins model presented similar values
of RMSECV, Ac, and S, for estimating sea ice
concentration in relation to MLR, these responses
being related to the regionalization of the study area
and to Box—Jenkins presents strong, homogeneous,
and stable correlations in time series modeled for
each pixel.

Conclusions

We present two methodologies for statistical modeling
of sea ice extent: the MLR model formulated from the
average of the sea ice concentration data and meteoro-
logical variables of T2m, SST, TP, MSLP, WS, U10m,
and V10m and the model for the Box—Jenkins time
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Fig. 9 Errors in the prediction of sea ice concentration derived from the Box—Jenkins model in 2018 between May and November

series that generated an individualized model for each
pixel. Both models were applied using a series of
monthly average data. The Box—Jenkins model allowed
us to identify that the distribution of the sea ice concen-
tration in the study region did not show stationarity (AR,
MA, and ARMA) or seasonal (SARIMA) behavior,
indicating that the non-stationary ARIMA model is
more appropriate. In addition, the similar values of
RMSECV, Ac, and S, by cross-validation in monthly
data (May—November) of 2018 demonstrated that the
Box—Jenkins modeling had similar results to MLR,
being related to study area regionalization and to the
Box—Jenkins presents strong, homogeneous and stable
correlations in time series modeled for each pixel. The
research was limited to the main meteorological vari-
ables found in the literature that affect the spatial distri-
bution of the concentration and extent of sea ice in the
Antarctic. However, according to the R’ found in the

@ Springer

MLR models, other variables of origin atmospheric or
oceanic conditions also exist that could better explain
and model this distribution over time. Analysis of R
demonstrated that T2m and SST are the meteorological
drivers with the greatest influence on the behavior of sea
ice, especially in the southern winter months where we
find a higher concentration of sea ice in this region.
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3 CONSIDERACOES FINAIS

Ao se realizar uma ampla reviséo bibliogréafica para identificar as principais variaveis
metereoldgicas que atuam na formacéo e distribuicdo do gelo marinho no Oceano
Austral, identificaram-se sistematicamente nos trabalhos que os mares de Ross,
Amundsen, Bellingshausen e Weddell apresentam padrdes distintos na formacao,
extensdo e concentracdo do gelo marinho em episddios de SAM, evento onde séo
encontradas anomalias no comportamento padréo das variaveis meteoroldgicas (T2m,
TSM, PNMM, PT, Vel, U10m e V10m). Em epis6dios com modo positivo de SAM, ha uma
maior concentracao e extensdo de gelo marinho na regido leste do Mar de Ross e Mar
de Amundsen e menor no Mar de Bellingshausen e ao norte do Mar de Weddell.

Ao considerar o emprego de sensores remotos na Antartica, a revisao bibliogréafica
identificou limitacdes do sensoriamento remoto Optico nesta regido devido a falta de
luminosidade solar durante o dia no inverno e pela nebulosidade frequente encontrada
durante o veréo, sendo estes problemas superados com 0 uso de sensores remotos por
micro-ondas passivos. Estes sensores permitem obter séries temporais da extensao e
concentracdo do gelo marinho, destacando-se os sensores ESMR, SMMR, SSM/I e
SSMIS. Ao utilizar estes dados para avaliar aspectos dimensionais da formacao do gelo
marinho (concentracdo, extensdo e volume) em relacdo as condicfes climaticas,
destaca-se nos trabalhos avaliados a utilizacdo dos modelos de reanalise atmosférica
ERA-i e NCEP/NCAR predominantemente.

Com a disponibilizacdo de um novo modelo de reandlise atmosférica denominado
ERADS, sucessor do ERA-i a partir de 31 de agosto de 2019, foram realizadas analises
estatisticas comparativas entre os dados meteorolégicos PNMM e T2m entre os modelos
de reandlise atmosférica ERA-i e ERAS, relacionando-os com estacfes meteoroldgicas
instaladas na regido norte da Peninsula Antartica, visando avaliar o modelo mais
adequado para as analises climatolégicas. Os resultados estatisticos obtidos indicaram
gque ambos os modelos apresentam resultados satisfatorios para a regido analisada.
Verificando a diferenca da T2m entre as estacdes meteoroldgicas e os modelos de
reanalise, constatamos melhor resultado para o0 ERA5 (AT2m= -0,34°C) em relacgio ao
ERA-i (AT2m= 0,37°C), porém na diferenca da PNMM o ERA-i (APNMM= -0,04 hPa)
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apresentou uma melhor resposta em relagdo ao ERAS5 (APNMM= 0,24 hPa). Paraa T o
ERA-i resultou indicadores NBIAS, NMAE e NRMSE superiores em relacdo ao ERA5,

porém o R apresentou correlagdes muito fortes para ambos os modelos. Ja ao avaliar o

PNMM, ambos os modelos de reandlise atmosférica apresentaram resultados

satisfatorios nos indicadores NBIAS, NMAE e NRMSE com valores inferiores a 0,01%,
acompanhado por uma correlacdo muito forte dos dados dos modelos de reanalise com
as observacoes locais.

Com a identificacdo de resultados satisfatérios do ERAS, foi realizada a analise do
impacto das diferentes fases do SAM na distribuicdo da concentracdo do gelo marinho
na regido de estudo. Nesta pesquisa foi identificada que independente da fase do SAM
(positiva ou negativa), as correlacdes encontradas entre as varidveis meteoroldgicas
T2m, TSM, PNMM, PT, Vel, U10m e V10m, e a concentracédo do gelo marinho para o
inverno austral entre 1979 e 2018 nao apresentaram alteracdo na escala interpretativa.

Podemos destacar que a T2m apresentou uma forte correlacdo negativa (R entre -
0,74 a -0,81) e a TSM uma moderada correlacdo negativa (R entre -0,62 a -0,67) na
distribuicdo espacial do gelo marinho. Além disso, também foi calculado que a é&rea
coberta por gelo marinho com concentracéo = 15% entre 1979 e 2018 para o més de
setembro apresentou tendéncia linear negativa com uma taxa de -0,08 + 0,10 x 1032 km2
ano™ para os setores oceanicos APBSW e APBSE, e -0,07 + 0,12 x 102 km? ano™ para
APDPW e APW, com as linhas de tendéncia ndo apresentando significancia estatistica
ao nivel de confianga de 95% por meio da RM.

Antes de efetuar as modelagens estatisticas preditivas, propomos para o
mapeamento da concentracao do gelo marinho o MLME como uma nova metodologia em
relacdo aos conhecidos algoritmos NASA Team ou Bootstrap, sendo calculado nas
imagens diarias dos sensores SMMR, SSM/l e SSMIS entre os meses de maio a
novembro, no periodo de 1979 a 2018.

A partir dos dados SAR do Sentinel 1A, encontramos as Tb de referéncia ajustados
ao sensor SSMIS do F17 para agua aberta e/ou gelo novo os valores 113,48 K (18H),
178,66 K (18V), 146,21 K (37H) e 208,78 K (37V), e para gelo jovem e/ou gelo de primeiro
ano os valores 220,53 K (18H), 243,32 K (18V), 248,57 K (37H) e 256,34 K (37V).



143

Quanto a evolucédo da area coberta por gelo jovem e/ou gelo de primeiro ano com
concentragdo = 15% calculado pelo MLME, entre 1979 e 2018 foi constatado uma
tendéncia linear negativa para a regido de estudo, com valores de -0,03 + 0,02 x 10% km2
ano! para os setores oceanicos APBSW e APBSE, e -0,05 + 0,03 x 10% km2 ano™! para
APDPW e APW. Este decréscimo € acelerado entre o quinquénio de 2014 a 2018,
apresentando taxas de -0,56 + 0,38 x 10° km2 ano™* para os setores oceanicos APBSW e
APBSE, e -0,60 * 0,49 x 10° km2 ano! para APDPW e APW. Ao analisar a série histérica
em periodos decenais, somente o periodo de 2009 a 2018 estes setores apresentaram
comportamentos distintos, com tendéncia negativa em -0,19 + 0,15 x 10° km2 ano™! para
APBSW e APBSE, e tendéncia positiva em 0,09 + 0,20 x 10° km2 ano para APDPW e
APW. Todas estas linhas de tendéncia ndo apresentaram significancia estatistica ao nivel
de confianga de 95% por meio da RM.

Na predicdo da concentracdo do gelo marinho através das modelagens estatisticas
Box-Jenkins e RLM, a técnica Box-Jenkins permitiu identificar que a distribuicdo da
concentracdo de gelo marinho na regido de estudo ndo apresenta comportamento
estacionario (AR, MA e ARMA) ou sazonal (SARIMA), indicando o modelo néo
estacionario ARIMA como o mais adequado. Além disso, os valores semelhantes de
RMSECV, Act e Sres por validagéo cruzada nos dados mensais (maio-novembro) de 2018,
demonstraram que a modelagem de Box Jenkins teve resultados semelhantes ao RLM,
estando relacionados a regionalizacdo do estudo e a falta de sazonalidade da
concentragcdo de gelo marinho de um determinado més ao longo do periodo analisado
(1979 a 2018). O R demonstrou que a T2m e a TSM séao as forcas meteorolégicas com
maior influéncia no comportamento do gelo marinho, principalmente nos meses de
inverno austral onde encontramos uma maior concentracao.

A pesquisa limitou-se as principais variaveis meteorologicas encontradas na
literatura que afetam a distribuicéo espacial da concentracéo e extensao do gelo marinho
na Antartica, porém, de acordo com o R2 encontrado nos modelos RLM, podemos ter
outras variaveis de origem atmosférica ou condi¢gdes oceénicas que podem explicar e
modelar melhor essa distribuicdo ao longo do tempo.

Diante do exposto, foi identificado que a regionalizacdo da area de estudo utilizando

dados de sensores remotos passivos com baixa resolucao espacial por meio da analise
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subpixel permite analisar estatisticamente a interacdo das condicbes atmosféricas na
concentracdo e area do gelo marinho, porém este estudo foi aplicado somente na regiao
oceanica localizada ao norte da Peninsula Antartica.

Como recomendacdes para futuros estudos, seria importante ampliar as regides do
Oceano Austral a serem analisadas e verificar outras formas de modelagem para
predicdo da concentracdo do gelo marinho a partir das variaveis metereoldgicas, como
por exemplo, a utilizacdo de técnicas de aprendizagem de maquinas por meio do Support
Vector Machine, Artificial Neural Network e Random Forest. Também seria importante a
abordagem de andlises estatisticas néo lineares ou a introducdo de novos elementos nas
analises estatisticas apresentadas na tese, como incluir na RLM a concentragéo do gelo
marinho no tempo anterior ou realizar as modelagens de séries temporais Box-Jenkins
utilizando janelas de pixels ao invés da modelagem individual do pixel como aplicado na

tese.
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APENDICE A — Estimac&o das assinaturas espectrais dos componentes puros gelo

jovem e/ou gelo de primeiro ano e do gelo novo e/ou agua aberta

% directory = '/media/marvin/MARS/MLME/Fernando_ MLME/20160703/'
pref_active = 'Sigma0';

% pref_passive = 'EASE';

threshold = 100;

nclasses = 2;

epsg = 6932;

nodata_ease_flag = 65536;

header = 'headerl.mat'

%%%%%% %% %% %% %% % %% %% %% %% %% %% %% % %% %% % %% % %%

load (header)
cd (directory)

f_active=dir([directory pref_active *);
f_passive=dir([directory pref_passive "*);

% Read sar image

[asar,rasar] = geotiffread(f_active(1).name);
ncol=size(asar,2);

nlin=size(asar,1);

asar(find(asar<0))=0;

asar=single(asar);

% Read passive microwave image

for np=1:length(f_passive)
[ease(:,:,np),rease]=geotiffread(f_passive(np).name);

end

ease=single(ease);

ncole=size(ease,2);
nline=size(ease,1);

% Determine the fraction window dimensions
cwindow=ncol/ncole;
rwindow=nlin/nline;

% Determines the faction of each passive microwave pixel occupied by each class
frac1=[];
cont=0;
for j=1:cwindow:ncol;
for i=1:rwindow:nlin;
cont=cont+1,;
wind=asar(i:i+rwindow-1,j:j+cwindow-1);
for k=0:nclasses-1
frac1(cont,k+1)=length(find(wind==k))/(cwindow*rwindow);;% number of pixel on each class
end
end
end

save fracl.mat fracl
fracl_rec=reshape(fracl(:,1),nline,ncole); % img fracao classe 1; 41x31



dimwrite('fracl.txt', headerl, ")
dimwrite('fracl.txt', fracl_rec,-append’,'delimiter',"\t")

% Prepare matrix

fori=1:4
Q=ease(:,.,i);
Q=Q();
SSMI(;,)=Q;

end

SSMI=double(SSMI);

ind_nodata=find(SSMI(:;,1)==nodata_ease_flag); % invalid ease pixels
ind_valid=find(SSMI(:,1)~=nodata_ease_flag); % valid ease pixels

save inds_ease.mat ind_nodata ind_valid

SSMI=SSMI/10;

% Calibracao

% F17 para F13

SSMI(:,1)=-0.3942269 + 1.0151633.*SSMI(:,1);
SSMI(:,2)=-1.2694102 + 1.0163762.*SSMI(:,2);
SSMI(:,3)=3.4461686 + 0.9794134.*SSMI(:,3);
SSMI(:,4)=1.1852799 + 0.9889041.*SSMI(:,4);
% % F13 para FO8

SSMI(;,1)=-1.170 + 1.008.*SSMI(:,1)
SSMI(:,2)=-0.932 + 1.002.*SSMI(:,2)
SSMI(:,3)=-3.590 + 1.019.*SSMI(:,3)
SSMI(:,4)=-2.230 + 1.008.*SSMI(:,4)

SSMI(ind_nodata,:)=nodata_ease_flag;

% Imagem-fracao "removendo” pixels que sao = 0 na imagem SSMI
% (transforma-os em 0)

frac2=fracl,

frac2(ind_nodata,:)=0;

frac2_rec=reshape(frac2,nline,ncole,2);
figure;imagesc(frac2_rec(:,:,2))

save(['frac2.mat'], 'frac2")

dimwrite(['frac2.txt], headerl, ")

dimwrite(['frac2.txt], frac2_rec(:,:,1),-append','delimiter’,\t")

% Matriz Dados: [Bandas SSMI facoes coluna de indice da linha]

Dados=[SSMI frac2 (1:size(SSMI,1))7;
save('Dados.mat','Dados’)

% Salva a img SSMI e frac2 sem zeros

aux=find(Dados(:,5)==0);
Dados(aux,:)=nan;
Dados=double(Dados);
Dados=denan(Dados(:,}));

ind_valid2=find(Dados(:,5)~=0);
save ('ind_valid2.mat','ind_valid2")
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SSMI_nozeros=(Dados(:,1:4));
save ('SSMI_nozeros.mat','SSMI_nozeros')

frac2_nozeros=(Dados(:,5));
save (['frac2_nozeros.mat'],'frac2_nozeros')

clear Dados
load Dados.mat

% Estima a resposta das classe na img ssmi e calcula os residuos da
% estimativa

Dados(ind_nodata,:)=0;

stop=[1];

r=[]; % resposta estimada

V=[]; % residuos

var_STD=]];

var_r_gelo=[];

cont=0;

while isempty(stop)==0
r=[;
V=[],
ind=(Dados(:;,1)==0);
Dados(ind,1)=nan;
Dados=double(Dados);
Dados=denan(Dados);
F=Dados(:,5:end-1);
R=Dados(:,1:4);

fori=1:4
rC:;,)=(@inv(F*F) * F' * R(;,i)); % calcula a resposta em cada banda e armazena em um vetor linha
V=V (R(,D)-F*r(:,i)]; % calcula os residuos e coloca cada banda em 1 coluna

end

save('V.mat','V")

STD_V=std(V);

save('STD_V.mat','STD_V");

logic=[[(abs(V(:,1)))<(threshold)*STD_V(1)] [(abs(V(:,2)))<(threshold)*STD_V(2)]
[(@bs(V(:,3)))<(threshold)*STD_V(3)] [(abs(V(:,4)))<(threshold)*STD_V(4)] ones(size(Dados,1),3)];

stop=find(logic<1)

Dados=Dados.*logic;

cont=cont+1

var_STD=[var_STD; STD_V];

var_r_gelo=[var_r_gelo; r(1,)];
end

% Reconstroi a matriz Dados apos eliminacao de pixels no threshold

Dados_rec=zeros(nline*ncole,4+nclasses+1);
Dados_rec(ind==0,:)=Dados(:,:);

% Imagem-fracao 3: remove os pixels do threshold

frac3=Dados_rec(:,5);

save (‘frac3.mat’,'frac3")
frac3_rec=reshape(frac3,nline,ncole);
figure;imagesc(frac3_rec)



156

dimwrite('frac3.txt', header1, ")
dimwrite('frac3.txt', frac3_rec(:,:,1),"-append’,'delimiter',"\t")

save r.mat r % curva espectral das classes
save V.mat V % residuos para cada banda

%%%%%%%%%% %% % %% %% % %% %% %% % % % % % %%6%% %% %% %% % % % % %% %% %% %% %0
% Graficos das respostas estimadas e residuos
%6%6%%%%6%%%%% %% % %6%6%6%%%%6 %% %% % % % %% %6 %% %% %% %% % % % % %% %% %% % %%

% Respostas

fl=figure;

plot([1:4],[r(:,1) r(:,2) r(:,3) r(:,4)])

hold on

grid on

title('Resposta nas bandas SSM/I')
xlabel('Banda")

ylabel('K")

set(gca, XTick',1:4,'XTickLabel',{'19H",'19V','37H','37V'})
legend('SEA ICE','WATER)

saveas (f1,['Curvas_espectrais.png’])
dimwrite(['Curvas_espectrais.txt],r,'delimiter’," )

% % Residuos
titls=['Residuos 19GHz - H';'Residuos 19GHz - V';'Residuos 37GHz - H';'Residuos 37GHz - V',
fi=figure;
fori=1:4
subplot (2,2,i)
plot(V(:,i),"."
title(titls(i,:))
xlabel('Pixel")
ylabel('Residuo (K)")
end
saveas (f1,['Residuos_partel.png’)

V_rec=zeros((ncole*nline),4);

V_rec(ind_valid,:)=V(:,3);

fori=1:4
Vmap(:,:,i)=reshape(V_rec(:,i),nline,ncole);
figure;imagesc(Vmap(:,:,i));colormap gray

end

dimwrite('Vmapl.txt', headerl, ")
dimwrite('Vmapl.txt', Vmap(:,:,1),"-append’,'delimiter','\t")

dimwrite('Vmap2.txt', header1, ")
dimwrite('Vmap2.txt', Vmap(:,:,2),"-append’,'delimiter','\t")

dimwrite('Vmap3.txt', header1, ")
dimwrite('Vmap3.txt', Vmap(;,:,3),"-append’,'delimiter','\t")

dimwrite('Vmap4.txt', headerl, ")
dimwrite('Vmap4.txt', Vmap(:,:,4),'-append’,'delimiter',"\t")

close all
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APENDICE B - Estimacdo da imagem-fracdo do gelo jovem e/ou gelo de primeiro ano
e do gelo novo e/ou agua aberta com o uso da curva espectral do mesmo dia da
imagem SSMIS

% directory = '/media/marvin/MARS/MLME/Fernando_ MLME/20160703/

pref_active = 'Sigma0';

% pref_passive = 'EASE’;
threshold = 100;

nclasses = 2;

epsg = 6932;
nodata_ease_flag = 65536;
header = 'headerl.mat'

cd (directory)

% Read passive microwave image

f_passive=dir([directory pref_passive '*1);

for np=1:length(f_passive)
[ease(:,:,np),rease]=geatiffread(f_passive(np).name);

end

ease=single(ease);

ncole=size(ease,2);

nline=size(ease,1);

load headerl

% estima a imagem fracao atraves da curva espectral escolhida
% (do dia ou mediana-media) e residuos da estimativa

load SSMI_nozeros

sp_curve=r_median;
imgfracao_residuos(SSMI_nozeros,sp_curve(:,1)',sp_curve(:,2)',sp_curve(:,3)',sp_curve(:,4));
load imgfr

load residuo

% Reconstroi para forma de imagem os outputs da imgfracao_residuos

load inds_ease.mat
load ind_valid2.mat

% Imagem-fracao 4

frac4b=imgfr;

fracdb_rec=zeros(nline*ncole,l1);
frac4b_rec(ind_valid2,1)=frac4b(:,1);
fracdb_rec=reshape(frac4b_rec,nline,ncole);
figure;imagesc(frac4b_rec)

load headerl

dimwrite('frac4b.txt', headerl, ")

dimwrite(‘frac4b.txt', frac4b_rec,-append’,'delimiter',"\t")

% Residuos: Graficos e Mapas

titls=['Residuos 19GHz - H';'Residuos 19GHz - V';'Residuos 37GHz - H';'Residuos 37GHz - V';



fl=figure;
fori=1:4
subplot (2,2,i)
plot(residuo(:,i),".")
title(titls(i,:))
xlabel('Pixel’)
ylabel('Residuo (K)")
end
saveas (f1,['Residuos_parte2b.png")

residuob_rec=zeros(nline*ncole,4);

residuob_rec(ind_valid2,:)=residuo(;,:);

fori=1:4
Residuo_mapb(:,:,i)=reshape(residuob_rec(:,i),nline,ncole);

end

figure;imagesc(Residuo_mapb(:,:,1));colormap gray;colorbar

figure;imagesc(Residuo_mapb(:,:,2));colormap gray;colorbar

figure;imagesc(Residuo_mapb(:,:,3));colormap gray;colorbar

figure;imagesc(Residuo_mapb(:,:,4));colormap gray;colorbar

dimwrite('Residuo_mapbl.txt', headerl, )
dimwrite('Residuo_mapbl.txt', Residuo_mapb(;,:,1),-append’,'delimiter,"\t")

dimwrite('Residuo_mapb2.txt', headerl, )
dimwrite('Residuo_mapb2.txt', Residuo_mapb(:,:,2),"-append’,'delimiter’,'\t")

dimwrite('Residuo_map3b.txt', headerl, ")
dimwrite('Residuo_map3b.txt', Residuo_mapb(:,:,3),"-append’,'delimiter’,'\t")

dimwrite('Residuo_map4b.txt', headerl, ")
dimwrite('Residuo_map4b.txt', Residuo_mapb(;,:,4),-append’,'delimiter',"\t")

% Correlacao da imagem-fracao estimada pela curva e imagem-fracao2 sem

% zeros
load frac2_nozeros.mat

Correlacao_f4b_f2=corrcoef(frac4b(:,1),frac2_nozeros(:,1));
save Correlacao_f4b_f2.mat Correlacao_f4b_f2

% Imagem-diferenca entre imagem-fracao2 e imagem-fracao-estimada
Erro=frac2_nozeros(:,1)-frac4b(:,1);

Erro_rec=zeros(nline*ncole,1);

Erro_rec(ind_valid2,:)=Erro(:,:);
Img_Errob(:,:,1)=reshape(Erro_rec(:,1),nline,ncole);
figure;imagesc(Img_Errob(:,:,1));colormap gray

dimwrite('Img_Errob.txt', headerl, ")
dimwrite('Img_Errob.txt', Img_Errob(:,:,1),-append','delimiter’,\t")

close all
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APENDICE C - Estimacdo da imagem-fracdo de gelo jovem e/ou gelo de primeiro ano
e do gelo novo e/ou agua aberta pelas assinaturas espectrais selecionadas neste

estudo para sensor SMMR do satélite Nimbus-7

%Nimbus-7 1979
cd D:\\MLMEWMLME_serie_temporal_final\1_Dados_Nimbus_7\1979

diretorio = 'D:\MLME\MLME_serie_temporal_final\1_Dados_Nimbus_7\1979";
images=dir(fullfile(diretorio, '/*.mat"));

% bis=1;

%

% if bis==1;

% ndays=365;
% else

% ndays=366;
% end

ndays=365;

dy=721; %number of lines
dx=721; %number of rows
dt=365; %number of dates
year=1979;
sensor='SMMR";
prod="18H";

orbit="FILT"

bands=1;

% ssmi=zeros(dy,dx,dt);

filename = images(1).name;
ssmi(:,:,:)=load(filename,'stcube’);

data(:,:,:)=ssmi.stcube(:,:,:);

for n = 1:ndays
% data2=uint16(data(:,:,n));
data?2=data(283:322,246:277,n);
data2=-2.787 + 1.064*data2(:,:,:);

% data = data2;
filenamel = sprintf('EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);
% imwrite(data2,filenamel,'Write','Overwrite');

t = Tiff(filenamel,'w");
t.setTag('Photometric', Tiff. Photometric.MinIsBlack); % assume grayscale
t.setTag('BitsPerSample',64);

t.setTag('SamplesPerPixel',1);
t.setTag('SampleFormat', Tiff. SampleFormat.|IEEEFP);
t.setTag('ImagelLength’,size(data2,1));
t.setTag('ImageWidth',size(data2,2));
t.setTag('PlanarConfiguration’, Tiff. PlanarConfiguration.Chunky);
t.write(data2);

t.close();



end

% for n = 1:ndays
% data2=mat2gray(data(:,:,n));

% filenamel = sprintf('EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);

% t.setTag('Photometric',Tiff. Photometric.MinIsBlack); % assume grayscale
% t.setTag('BitsPerSample',64);

% t.setTag('SamplesPerPixel',1);

% t.setTag('SampleFormat',Tiff. SampleFormat.|[EEEFP);

% t.setTag('ImagelLength',size(data,1));

% t.setTag('ImageWidth',size(data,2));

% t.setTag('PlanarConfiguration’, Tiff. PlanarConfiguration.Chunky);

% t.write(data);

% t.close();
% end
prod="18V'

filename = images(2).name;
ssmi(:,:,:)=load(filename,'stcube’);

data(:,:,:)=ssmi.stcube(:,:,));

for n = 1:ndays
% data2=uintl6(data(:,:,n));
data2=data(283:322,246:277,n);
data2=-25.172 + 1.149*data2(:,:,:);

% data = data2;
filenamel = sprintf('EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);
% imwrite(data2,filenamel,'Write','Overwrite");

t = Tiff(filenamel,'w");
t.setTag('Photometric’, Tiff. Photometric.MinlsBlack); % assume grayscale
t.setTag('BitsPerSample',64);
t.setTag('SamplesPerPixel',1);
t.setTag('SampleFormat', Tiff. SampleFormat.IEEEFP);
t.setTag('ImagelLength',size(data2,1));
t.setTag('ImageWidth',size(data2,2));
t.setTag('PlanarConfiguration’, Tiff. PlanarConfiguration.Chunky);
t.write(data2);
t.close();

end

prod="37H"

filename = images(3).name;
ssmi(:,:,:)=load(filename,'stcube’);

data(:,:,:)=ssmi.stcube(:,:,:);

for n = 1:ndays
% data2=uintl6(data(:,:,n));
data2=data(283:322,246:277,n);
data2=-2.987 + 1.048*data2(:,:,:);
% data = data2;
filenamel = sprintf('EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);
% imwrite(data2,filenamel,"Write','Overwrite');
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t = Tiff(filenamel,'w");
t.setTag('Photometric', Tiff. Photometric.MinIsBlack); % assume grayscale
t.setTag('BitsPerSample',64);
t.setTag('SamplesPerPixel',1);
t.setTag('SampleFormat',Tiff. SampleFormat.|IEEEFP);
t.setTag('ImageLength’,size(data2,1));
t.setTag('ImageWidth',size(data2,2));
t.setTag('PlanarConfiguration’, Tiff. PlanarConfiguration.Chunky);
t.write(data2);
t.close();

end

prod="37V'

filename = images(4).name;
ssmi(:,:,:)=load(filename,'stcube);

data(:,:,:)=ssmi.stcube(:,:,:);

for n = 1:ndays
% data2=uintl6(data(:,:,n));
data2=data(283:322,246:277,n);
data2=-35.075 + 1.161*data2(;,:,:);

% data = dataz;
filenamel = sprintf('EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);
% imwrite(data2,filenamel,'Write','Overwrite");

t = Tiff(filenamel,'w");
t.setTag('Photometric’, Tiff. Photometric.MinIsBlack); % assume grayscale
t.setTag('BitsPerSample',64);
t.setTag('SamplesPerPixel',1);
t.setTag('SampleFormat', Tiff. SampleFormat.IEEEFP);
t.setTag('ImageLength’,size(data2,1));
t.setTag('ImageWidth',size(data2,2));
t.setTag('PlanarConfiguration’, Tiff.PlanarConfiguration.Chunky);
t.write(data2);
t.close();

end

diretorio=('D:\MLME\MLME_serie_temporal_final\1_Dados_Nimbus_7\1979";
r1=[224.108 114.555 218.8143];
r2=[250.003 184.360 245.8787];
r3=[247.956 145.762 218.3877];
r4=[254.530 207.106 239.0578];
sp_curve=[rl'r2' r3' r47;
X=100;

mime_final_marcos1_par(diretorio,sp_curve,X);

clear
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APENDICE D - Estimacdo da imagem-fracdo de gelo jovem e/ou gelo de primeiro ano

e do gelo novo e/ou agua aberta pelas assinaturas espectrais selecionadas neste

%F08 1991

cd C:\Serie_Temporal\Fernando\f08\1991

diretorio = 'C:\Serie_Temporal\Fernando\f08\1991";
images=dir(fullfile(diretorio, '/*.mat"));

% bis=1;

%

% if bis==1;

% ndays=365;
% else

% ndays=366;
% end

ndays=365;

dy=721; %number of lines
dx=721; %number of rows
dt=365; %number of dates
year=1991;

sensor='F11";

prod="19H";

orbit="FILT"

bands=1;

% ssmi=zeros(dy,dx,dt);

filename = images(1).name;
ssmi(:,:,:)=load(filename,'stcube);

data(:,:,:)=ssmi.stcube(:,:,:);

%figure;imagesc(imgfr(:,:,1));colormap gray;colorbar

for n = 1:ndays

% data2=uint16(data(:,:,n));
data?2=data(283:322,246:277,n);
%data2=-1.170 + 1.008*data2(:,:,:);

% data = data2;

filenamel = sprintf('EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);
% imwrite(data2,filenamel,'Write','Overwrite');

t = Tiff(filenamel,'w");

t.setTag('Photometric', Tiff. Photometric.MinIsBlack); % assume grayscale

t.setTag('BitsPerSample',64);

t.setTag('SamplesPerPixel',1);

t.setTag('SampleFormat',Tiff. SampleFormat.|IEEEFP);

t.setTag('ImagelLength’,size(data2,1));

t.setTag('ImageWidth',size(data2,2));

t.setTag('PlanarConfiguration’, Tiff. PlanarConfiguration.Chunky);

t.write(data2);

estudo para sensor SSM/I do satélite FO8



t.close();
end

% for n = 1:ndays
% data2=mat2gray(data(:,:,n));

% filenamel = sprintf('EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);

% t.setTag('Photometric',Tiff. Photometric.MinIsBlack); % assume grayscale
% t.setTag('BitsPerSample',64);

% t.setTag('SamplesPerPixel',1);

% t.setTag('SampleFormat',Tiff. SampleFormat.|[EEEFP);

% t.setTag('ImagelLength',size(data,1));

% t.setTag('ImageWidth',size(data,2));

% t.setTag('PlanarConfiguration’,Tiff.PlanarConfiguration.Chunky);

% t.write(data);

% t.close();
% end
prod="19V'

filename = images(2).name;
ssmi(:,:,:)=load(filename,'stcube’);

data(:,:,:)=ssmi.stcube(:,:,));

for n = 1:ndays
% data2=uintl6(data(:,:,n));
data2=data(283:322,246:277,n);
%data2=-0.932 + 1.002*data2(:,:,:);

% data = data2;
filenamel = sprintf('EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);
% imwrite(data2,filenamel,'Write','Overwrite");

t = Tiff(filenamel,'w");
t.setTag('Photometric’, Tiff. Photometric.MinlsBlack); % assume grayscale
t.setTag('BitsPerSample',64);
t.setTag('SamplesPerPixel',1);
t.setTag('SampleFormat',Tiff. SampleFormat.|[EEEFP);
t.setTag('ImagelLength’,size(data2,1));
t.setTag('ImageWidth',size(data2,2));
t.setTag('PlanarConfiguration’, Tiff. PlanarConfiguration.Chunky);
t.write(data2);
t.close();

end

prod="37H"

filename = images(3).name;
ssmi(:,:,:)=load(filename,'stcube’);

data(:,:,:)=ssmi.stcube(:,:,:);
for n = 1:ndays

% data2=uintl6(data(:,:,n));

data2=data(283:322,246:277,n);

%data2=-3.590 + 1.019*data2(:,:,:);
% data = data2;

filenamel = sprintf('EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);

% imwrite(data2,filenamel,"Write','Overwrite');
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t = Tiff(filenamel,'w");
t.setTag('Photometric', Tiff. Photometric.MinIsBlack); % assume grayscale
t.setTag('BitsPerSample',64);
t.setTag('SamplesPerPixel',1);
t.setTag('SampleFormat',Tiff. SampleFormat.|IEEEFP);
t.setTag('ImageLength',size(data2,1));
t.setTag('ImageWidth',size(data2,2));
t.setTag('PlanarConfiguration’, Tiff. PlanarConfiguration.Chunky);
t.write(data2);
t.close();

end

prod="37V'

filename = images(4).name;
ssmi(:,:,:)=load(filename,'stcube);

data(:,:,:)=ssmi.stcube(:,:,:);

for n = 1:ndays
% data2=uintl6(data(:,:,n));
data2=data(283:322,246:277,n);
%data2=-2.230 + 1.008*data2(:,:,);

% data = dataz;
filenamel = sprintf('EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);
% imwrite(data2,filenamel,'Write','Overwrite");

t = Tiff(filenamel,'w");
t.setTag('Photometric', Tiff. Photometric.MinIsBlack); % assume grayscale
t.setTag('BitsPerSample',64);
t.setTag('SamplesPerPixel',1);
t.setTag('SampleFormat', Tiff. SampleFormat.IEEEFP);
t.setTag('ImageLength’,size(data2,1));
t.setTag('ImageWidth',size(data2,2));
t.setTag('PlanarConfiguration’, Tiff.PlanarConfiguration.Chunky);
t.write(data2);
t.close();

end

diretorio=('C:\Serie_Temporal\Fernando\f08\1991");
r1=[224.108 114.555 218.8143];
r2=[250.003 184.360 245.8787];
r3=[247.956 145.762 218.3877];
r4=[254.530 207.106 239.0578];
sp_curve=[rl'r2' r3' r47;
X=100;

mime_final_marcos1_par(diretorio,sp_curve,X);

clear
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APENDICE E - Estimacéo da imagem-fracdo de gelo jovem e/ou gelo de primeiro ano e
do gelo novo e/ou 4gua aberta pelas assinaturas espectrais selecionadas neste estudo

para sensor SSM/I do satélite F11

%F11 1995
cd C:\Serie_Temporal\Fernando\f11\1995

diretorio = 'C:\Serie_Temporal\Fernando\f11\1995';
images=dir(fullfile(diretorio, '/*.mat"));

% bis=1;

%

% if bis==1;

% ndays=365;
% else

% ndays=366;
% end

ndays=365;

dy=721; %number of lines
dx=721; %number of rows
dt=365; %number of dates
year=1995;

sensor='F11";

prod="19H";

orbit="FILT"

bands=1;

% ssmi=zeros(dy,dx,dt);

filename = images(1).name;
ssmi(:,:,:)=load(filename,'stcube’);

data(:,:,:)=ssmi.stcube(:,:,:);
%figure;imagesc(imgfr(:,:,1));colormap gray;colorbar
for n = 1:ndays
% data2=uint16(data(:,:,n));

data?2=data(239:299,251:370,n);
data2=-1.170 + 1.008*data2(:,:,:);

% data = data2;
filenamel = sprintf('EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);
% imwrite(data2,filenamel,'Write','Overwrite');

t = Tiff(filenamel,'w");
t.setTag('Photometric', Tiff. Photometric.MinIsBlack); % assume grayscale
t.setTag('BitsPerSample',64);

t.setTag('SamplesPerPixel',1);

t.setTag('SampleFormat',Tiff. SampleFormat.|IEEEFP);
t.setTag('ImagelLength’,size(data2,1));
t.setTag('ImageWidth',size(data2,2));
t.setTag('PlanarConfiguration’, Tiff. PlanarConfiguration.Chunky);



t.write(data2);
t.close();
end

% for n = 1:ndays
% data2=mat2gray(data(:,:,n));

% filenamel = sprintf('EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);

% t.setTag('Photometric', Tiff.Photometric.MinIsBlack); % assume grayscale
% t.setTag('BitsPerSample',64);

% t.setTag('SamplesPerPixel',1);

% t.setTag('SampleFormat',Tiff. SampleFormat.|[EEEFP);

% t.setTag('ImagelLength',size(data,1));

% t.setTag('ImageWidth',size(data,2));

% t.setTag('PlanarConfiguration’,Tiff.PlanarConfiguration.Chunky);

% t.write(data);

% t.close();
% end
prod="19V';

filename = images(2).name;
ssmi(:,:,:)=load(filename,'stcube’);

data(:,:,:)=ssmi.stcube(:,:,));

for n = 1:ndays
% data2=uintl6(data(:,:,n));
data2=data(239:299,251:370,n);
data2=-0.932 + 1.002*data2(:,:,:);

% data = data2;
filenamel = sprintf((EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);
% imwrite(data2,filenamel,'Write','Overwrite");

t = Tiff(filenamel,'w’);
t.setTag('Photometric’, Tiff. Photometric.MinlsBlack); % assume grayscale
t.setTag('BitsPerSample’,64);
t.setTag('SamplesPerPixel',1);
t.setTag('SampleFormat', Tiff. SampleFormat.|[EEEFP);
t.setTag('ImagelLength’,size(data2,1));
t.setTag('ImageWidth',size(data2,2));
t.setTag('PlanarConfiguration’, Tiff. PlanarConfiguration.Chunky);
t.write(data2);
t.close();

end

prod="37H"

filename = images(3).name;
ssmi(:,:,:)=load(filename,'stcube’);

data(:,:,:)=ssmi.stcube(:,:,:);

for n = 1:ndays
% data2=uint16(data(:,:,n));
data?2=data(239:299,251:370,n);
data2=-3.590 + 1.019*data2(:,:,:);
% data = data2;

166



filenamel = sprintf('EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);
% imwrite(data2,filenamel,'Write','Overwrite');

t = Tiff(filenamel,'w');

t.setTag('Photometric', Tiff. Photometric.MinIsBlack); % assume grayscale

t.setTag('BitsPerSample’,64);

t.setTag('SamplesPerPixel',1);

t.setTag('SampleFormat',Tiff. SampleFormat.|[EEEFP);

t.setTag('ImagelLength’,size(data2,1));

t.setTag('ImageWidth',size(data2,2));

t.setTag('PlanarConfiguration’, Tiff. PlanarConfiguration.Chunky);

t.write(data2);

t.close();

end

prod="37V'

filename = images(4).name;
ssmi(:,:,:)=load(filename,'stcube);

data(:,:,:)=ssmi.stcube(:,:,?);

for n = 1:ndays
% data2=uintl6(data(:,:,n));
data2=data(239:299,251:370,n);
data2=-2.230 + 1.008*data2(:,:,:);

% data = data2;
filenamel = sprintf('EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);
% imwrite(data2,filenamel,'Write','Overwrite");

t = Tiff(filenamel,'w");
t.setTag('Photometric', Tiff. Photometric.MinIsBlack); % assume grayscale
t.setTag('BitsPerSample',64);
t.setTag('SamplesPerPixel',1);
t.setTag('SampleFormat', Tiff. SampleFormat.IEEEFP);
t.setTag('ImageLength’,size(data2,1));
t.setTag('ImageWidth',size(data2,2));
t.setTag('PlanarConfiguration’, Tiff. PlanarConfiguration.Chunky);
t.write(data2);
t.close();

end

diretorio=('C:\Serie_Temporal\Fernando\f1111995");
r1=[224.108 114.555 218.8143];
r2=[250.003 184.360 245.8787];
r3=[247.956 145.762 218.3877];
r4=[254.530 207.106 239.0578];
sp_curve=[rl'r2' r3' r47;
X=100;

mime_final_marcos1_par(diretorio,sp_curve,X);

clear
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Estimacédo da imagem-fracao de gelo jovem e/ou gelo de primeiro ano e do gelo novo e/ou 4gua aberta
pelas assinaturas espectrais selecionadas neste estudo para sensor SSM/I F13 (Freitas, 2019,

comunicacao escrita)
%F13 2008



cd C:\Serie_Temporal\Fernando\f13\2008

diretorio = 'C:\Serie_Temporal\Fernando\f13\2008';
images=dir(fullfile(diretorio, '/*.mat"));

% bis=1;

%

% if bis==1,
% ndays=365;
% else

% ndays=366;
% end

ndays=182;

dy=721; %number of lines
dx=721; %number of rows
dt=182; %number of dates
year=2008;

sensor='F13";

prod="19H";

orbit="FILT";

bands=1;

% ssmi=zeros(dy,dx,dt);

filename = images(1).name;
ssmi(:,:,:)=load(filename,'stcube);

data(:,:,:)=ssmi.stcube(:,:,));
%figure;imagesc(imgfr(:,:,1));colormap gray;colorbar
for n = 1:ndays
% data2=uintl6(data(:,:,n));

data2=data(283:322,246:277,n);
data2=-1.170 + 1.008*data2(:,:,:);

% data = data2;
filenamel = sprintf('EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);
% imwrite(data2,filenamel,'Write','Overwrite");

t = Tiff(filenamel,'w");
t.setTag('Photometric', Tiff. Photometric.MinlsBlack); % assume grayscale
t.setTag('BitsPerSample',64);
t.setTag('SamplesPerPixel',1);
t.setTag('SampleFormat',Tiff. SampleFormat.|IEEEFP);
t.setTag('ImagelLength’,size(data2,1));
t.setTag('ImageWidth',size(data2,2));
t.setTag('PlanarConfiguration’, Tiff. PlanarConfiguration.Chunky);
t.write(data2);
t.close();

end

% for n = 1:ndays
% data2=mat2gray(data(:,:,n));
% filenamel = sprintf('EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);
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% t.setTag('Photometric', Tiff.Photometric.MinIsBlack); % assume grayscale
% t.setTag('BitsPerSample',64);

% t.setTag('SamplesPerPixel',1);

% t.setTag('SampleFormat',Tiff. SampleFormat.|[EEEFP);

% t.setTag('ImagelLength',size(data,1));

% t.setTag('ImageWidth',size(data,2));

% t.setTag('PlanarConfiguration’,Tiff.PlanarConfiguration.Chunky);

% t.write(data);

% t.close();
% end
prod="19V’;

filename = images(2).name;
ssmi(:,:,:)=load(filename,'stcube);

data(:,:,:)=ssmi.stcube(:,:,:);

for n = 1:ndays
% data2=uintl6(data(:,:,n));
data2=data(283:322,246:277,n);
data2=-0.932 + 1.002*data2(:,:,:);

% data = data2;
filenamel = sprintf((EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);
% imwrite(data2,filenamel,'Write','Overwrite');

t = Tiff(filenamel,'w");
t.setTag('Photometric', Tiff. Photometric.MinIsBlack); % assume grayscale
t.setTag('BitsPerSample',64);
t.setTag('SamplesPerPixel',1);
t.setTag('SampleFormat', Tiff. SampleFormat.|[EEEFP);
t.setTag('ImagelLength',size(data2,1));
t.setTag('ImageWidth',size(data2,2));
t.setTag('PlanarConfiguration’, Tiff.PlanarConfiguration.Chunky);
t.write(data2);
t.close();

end

prod='37H";

filename = images(3).name;
ssmi(:,:,:)=load(filename,'stcube’);

data(:,:,:)=ssmi.stcube(:,:,);

for n = 1:ndays
% data2=uint16(data(:,:,n));
data?2=data(283:322,246:277,n);
data2=-3.590 + 1.019*data2(:,:,:);

% data = data2;
filenamel = sprintf('EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);
% imwrite(data2,filenamel,'Write','Overwrite');

t = Tiff(filenamel,'w");
t.setTag('Photometric', Tiff. Photometric.MinIsBlack); % assume grayscale
t.setTag('BitsPerSample',64);

t.setTag('SamplesPerPixel',1);
t.setTag('SampleFormat', Tiff. SampleFormat.|[EEEFP);
t.setTag('ImagelLength’,size(data2,1));
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t.setTag('ImageWidth',size(data2,2));
t.setTag('PlanarConfiguration’, Tiff. PlanarConfiguration.Chunky);
t.write(data2);
t.close();

end

prod='37V'

filename = images(4).name;
ssmi(:,:,:)=load(filename,'stcube’);

data(;,:,:)=ssmi.stcube(;,:,:);

for n = 1:ndays
% data2=uintl6(data(:,:,n));
data2=data(283:322,246:277,n);
data2=-2.230 + 1.008*data2(:,:,:);

% data = data2;
filenamel = sprintf((EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);
% imwrite(data2,filenamel,'Write','Overwrite");

t = Tiff(filenamel,'w’);
t.setTag('Photometric’, Tiff. Photometric.MinlsBlack); % assume grayscale
t.setTag('BitsPerSample’,64);
t.setTag('SamplesPerPixel',1);
t.setTag('SampleFormat',Tiff. SampleFormat.|[EEEFP);
t.setTag('ImagelLength’,size(data2,1));
t.setTag('ImageWidth',size(data2,2));
t.setTag('PlanarConfiguration’, Tiff. PlanarConfiguration.Chunky);
t.write(data2);
t.close();

end

diretorio=('C:\Serie_Temporal\Fernando\f13\2008");
r1=[224.108 114.555 218.8143];
r2=[250.003 184.360 245.8787];
r3=[247.956 145.762 218.3877];
r4=[254.530 207.106 239.0578];
sp_curve=[rl'r2'r3' r47;
X=100;

mime_final_marcos1_par(diretorio,sp_curve,X);

clear
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APENDICE F — Estimac&o da imagem-fracéo de gelo jovem e/ou gelo de primeiro ano e
do gelo novo e/ou 4gua aberta pelas assinaturas espectrais selecionadas neste estudo

para sensor SSMIS do satélite F17

%F17 2015
cd C:\Serie_Temporal\Fernando\2015

diretorio = 'C:\Serie_Temporal\Fernando\2015';
images=dir(fullfile(diretorio, '/*.mat"));

% bis=1;

%

% if bis==1;

% ndays=365;
% else

% ndays=366;
% end

ndays=365;

dy=721; %number of lines
dx=721; %number of rows
dt=365; %number of dates
year=2015;

sensor="'F17;

prod="19H";

orbit="FILT"

bands=1;

% ssmi=zeros(dy,dx,dt);

filename = images(1).name;
ssmi(:,:,:)=load(filename,'stcube’);

data(:,:,:)=ssmi.stcube(:,:,:);
%figure;imagesc(imgfr(:,:,1));colormap gray;colorbar
for n = 1:ndays
% data2=uint16(data(:,:,n));

data?2=data(283:322,246:277,n);
data2=-0.3942269 + 1.0151633*data2(:,:,:);

% data = data2;
filenamel = sprintf('EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);
% imwrite(data2,filenamel,'Write','Overwrite');

t = Tiff(filenamel,'w");
t.setTag('Photometric', Tiff. Photometric.MinIsBlack); % assume grayscale
t.setTag('BitsPerSample',64);

t.setTag('SamplesPerPixel',1);

t.setTag('SampleFormat',Tiff. SampleFormat.|IEEEFP);
t.setTag('ImagelLength’,size(data2,1));
t.setTag('ImageWidth',size(data2,2));
t.setTag('PlanarConfiguration’, Tiff. PlanarConfiguration.Chunky);



t.write(data2);
t.close();
end

% for n = 1:ndays
% data2=mat2gray(data(:,:,n));

% filenamel = sprintf('EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);

% t.setTag('Photometric', Tiff.Photometric.MinIsBlack); % assume grayscale
% t.setTag('BitsPerSample',64);

% t.setTag('SamplesPerPixel',1);

% t.setTag('SampleFormat',Tiff. SampleFormat.|[EEEFP);

% t.setTag('ImagelLength',size(data,1));

% t.setTag('ImageWidth',size(data,2));

% t.setTag('PlanarConfiguration’,Tiff.PlanarConfiguration.Chunky);

% t.write(data);

% t.close();
% end
prod="19V';

filename = images(2).name;
ssmi(:,:,:)=load(filename,'stcube’);

data(:,:,:)=ssmi.stcube(:,:,));

for n = 1:ndays
% data2=uintl6(data(:,:,n));
data2=data(283:322,246:277,n);
data2=-1.2694102 + 1.0163762*data2(:,:,);

% data = data2;
filenamel = sprintf((EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);
% imwrite(data2,filenamel,'Write','Overwrite");

t = Tiff(filenamel,'w’);
t.setTag('Photometric’, Tiff. Photometric.MinlsBlack); % assume grayscale
t.setTag('BitsPerSample’,64);
t.setTag('SamplesPerPixel',1);
t.setTag('SampleFormat',Tiff. SampleFormat.|[EEEFP);
t.setTag('ImagelLength’,size(data2,1));
t.setTag('ImageWidth',size(data2,2));
t.setTag('PlanarConfiguration’, Tiff. PlanarConfiguration.Chunky);
t.write(data2);
t.close();

end

prod="37H"

filename = images(3).name;
ssmi(:,:,:)=load(filename,'stcube’);

data(:,:,:)=ssmi.stcube(:,:,:);

for n = 1:ndays
% data2=uint16(data(:,:,n));
data?2=data(283:322,246:277,n);
data2=3.4461686 + 0.9794134*data2(:,:,:);
% data = data2;
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filenamel = sprintf('EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);
% imwrite(data2,filenamel,'Write','Overwrite');

t = Tiff(filenamel,'w');
t.setTag('Photometric', Tiff. Photometric.MinIsBlack); % assume grayscale
t.setTag('BitsPerSample’,64);
t.setTag('SamplesPerPixel',1);
t.setTag('SampleFormat',Tiff. SampleFormat.|[EEEFP);
t.setTag('ImagelLength’,size(data2,1));
t.setTag('ImageWidth',size(data2,2));
t.setTag('PlanarConfiguration’, Tiff. PlanarConfiguration.Chunky);
t.write(data2);
t.close();

end

prod="37V'

filename = images(4).name;
ssmi(:,:,:)=load(filename,'stcube);

data(:,:,:)=ssmi.stcube(:,:,));

for n = 1:ndays
% data2=uintl6(data(:,:,n));
data2=data(283:322,246:277,n);
data2=1.1852799 + 0.9889041*data2(;,:,:);

% data = data2;
filenamel = sprintf('EASE-%s-SL%04d%03d%s.tif', sensor, year, n,prod);
% imwrite(data2,filenamel,'Write','Overwrite");

t = Tiff(filenamel,'w");
t.setTag('Photometric', Tiff. Photometric.MinIsBlack); % assume grayscale
t.setTag('BitsPerSample',64);
t.setTag('SamplesPerPixel',1);
t.setTag('SampleFormat', Tiff. SampleFormat.IEEEFP);
t.setTag('ImageLength’,size(data2,1));
t.setTag('ImageWidth',size(data2,2));
t.setTag('PlanarConfiguration’, Tiff.PlanarConfiguration.Chunky);
t.write(data2);
t.close();

end

diretorio=('C:\Serie_Temporal\Fernando\2015");
r1=[224.108 114.555 218.8143];
r2=[250.003 184.360 245.8787];
r3=[247.956 145.762 218.3877];
r4=[254.530 207.106 239.0578];
sp_curve=[rl'r2' r3' r47;
X=100;

mime_final_marcos1(diretorio,sp_curve,X);
clear
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APENDICE G - Predic&o da concentracdodo gelo marinho pela metodologia Box-

Jenkins utilizando biblioteca R “forecast”

library(forecast)

library(foreign)

library(doBy)

setwd("D:\\Fernando Hillebrand") #pasta de trabalho
sew<-read.table("conjl.txt",h=T)
wdp<-read.table("conj2.txt",h=T)

#HH##APBSW e APBSE

sew2<-split(sew,list(sew$FID,sew$Month))

gridl<-expand.grid(0:52,5:11)

pr<-matrix(,nrow=371,ncol=1)

ob<-matrix(,nrow=371,ncol=1)

for(i in 1:371)1
fl<-arima(sew?2[[i]][1:39,5],order=arimaorder(auto.arima(sew?2[[i]][1:39,5])),xreg=sew2[[i]][1:39,13:19])
prli]<-predict(f1,newxreg=sew?2[[i]][40,13:19])$pred[[1]]
f1<-NULL
ob[i]<-sew2[[i]][40,5]

od<-matrix(,nrow=371,ncol=3)
for(i in 1:371){
od[i,]J<-arimaorder(auto.arima(sew2[[i]][1:39,5]))

}

grid1$pred<-pr

grid1$obsr<-ob
colnames(grid1)<-c("FID","Month","Predicted","Observed")
grid1$Error<-grid1$Observed-grid1$Predicted
gridl<-as.data.frame(gridl)

is.data.frame(grid1)
sqrt(tapply((grid1$Error)*2,grid1$Month,mean)/53)

#HHAPDPW e APW

wdp2<-split(wdp,list(wdp$FID,wdp$Month))

grid2<-expand.grid(0:65,5:11)

pr2<-matrix(,nrow=462,ncol=1)

ob2<-matrix(,nrow=462,ncol=1)

for(i in 1:462){
fl<-arima(wdp2[[i]][1:39,5],order=arimaorder(auto.arima(wdp?2[[i]][1:39,5])) xreg=wdp2[[i]][1:39,13:19])
pr2[il<-predict(f1,newxreg=wdp2[[i]][40,13:19])$pred[[1]]
f1<-NULL
ob2[il<-wdp2[[i]][40,5]
arimaorder(auto.arima(wdp2[[i]][1:39,5]))

}

od2<-matrix(,nrow=462,ncol=3)

for(i in 1:462){
0d2[i,]<-arimaorder(auto.arima(wdp2][[i]][1:39,5]))

}

for(i in 1:462){
fl<-arima(wdp2[[i]][1:39,5],order=arimaorder(auto.arima(wdp2[[i]][1:39,5])),xreg=wdp2][[i]][1:39,13:19])
pr2[i]<-predict(f1,newxreg=wdp2][[i]][40,13:19])$pred[[1]]
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fl<-NULL
ob2[i]<-wdp2[[i]][40,5]
arimaorder(auto.arima(wdp2[[i]][1:39,5]))

}

grid2$pred<-pr2

grid2%obsr<-ob2
colnames(grid2)<-c("FID","Month","Predicted","Observed")
grid2$Error<-grid2$Observed-grid2$Predicted
grid2<-as.data.frame(grid2)
sqrt(tapply((grid2$Error)*2,grid2$Month,mean)/66)

aorderl<-chind.data.frame(grid1[,1:2],0d)
aorder2<-cbind.data.frame(grid2[,1:2],0d2)

#H

write.table(grid1,"sew.txt",row.names = F)
write.table(grid2,"wdp.txt",row.names = F)
write.table(aorderl,"sew_arimaorder.txt",row.names = F)
write.table(aorder2,"wdp_arimaorder.txt",row.names = F)



